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INTRODUCTION: 

Huntington's  disease  (HD)  is  an  autosomal  dominant  neurodegenerative  disorder  characterized 
by  the  death  of  striatal  neurons.  Chorea  is  the  most  common  involuntary  movement  in  patients 
who  suffer  of  HD.  This  could  be  combined  with  cognitive  and  memory  deficits  at  a  later  stage 
of  the  disease.  The  HD  mutation  was  identified  in  1993  as  an  unstable  expansion  of  CAG 
(trinucleotide)  repeats  on  the  gene  which  encodes  the  protein  "Huntingtin"  on  chromosome  4.  In 
more  than  60%  of  HD  patients,  there  is  a  high  degree  of  inverse  correlation  between  the  number 
of  CAG  repeats  and  the  age  of  onset  of  the  disease  or  degree  of  striatal  degeneration  (Vonsatell 
and  DiFiglia,  1998).  However,  about  15%  of  the  HD  cases  of  which  the  age  of  onset  cannot  be 
explained  by  the  CAG  repeats,  were  found  to  have  mutations  in  the  gene  encoding  the  GluR6 
subunit  of  the  glutamatergic  kainate  receptor  (Rubinztein  et  al.,  1997;  MacDonald  et  ah,  1999) 
which  highlight  the  importance  of  those  receptors  in  the  pathogenesis  of  the  striatum  in  HD. 
Although  the  existence  of  kainate  receptors  has  long  been  established,  little  is  known  about  their 
functions  and  distribution  in  the  central  nervous  system.  Previous  data  obtained  in  our  laboratory 
showed  that  the  kainate  receptor  subunits  GluR6/7  are  strikingly  enriched  in  the  monkey  striatum 
but,  in  contrast  to  other  ionotropic  glutamate  receptors  which  are  found  almost  exclusively  at 
postsynaptic  sites,  the  GluR6/7  kainate  receptor  subunits  are  strongly  expressed  pre-synaptically 
in  glutamatergic  terminals.  The  objective  of  this  project  is  to  further  this  analysis  and  provide  a 
detailed  map  of  the  synaptic  localization  of  kainate  receptor  subunits  in  the  striatum  of  monkeys 
so  that  we  understand  better  the  mechanisms  by  which  these  glutamate  receptors  might  mediate 
the  death  of  striatal  neurons  in  HD. 

BODY: 

The  past  year  has  been  very  fruitful  for  this  project.  So  far,  Specific  Aims  #1,2,3  and  5  have  been 
completed  and  results  will  be  shortly  submitted  for  publication  in  The  Journal  of  Neuroscience. 
These  findings  will  be  presented  at  the  next  Society  for  Neuroscience  Meeting  in  New  Orleans 
(appendix  1)  and  are  part  of  a  recent  review  we  submitted  for  publication  to  The  Journal  of 
Chemical  Neuroanatomy  (appendix  2).  The  results  obtained  are  illustrated  in  Figs.  1-10. 

As  mentioned  in  the  original  application,  the  pattern  of  striatal  neuronal  degeneration  is 
heterogeneous  in  HD.  For  instance,  the  tail  of  the  caudate  nucleus  is  usually  more  affected  than 
the  body  which,  in  turn,  is  more  involved  than  the  head.  Similarly,  the  caudal  portion  of  the 
putamen  is  more  affected  than  the  rostral  putamen.  One  of  the  specific  aim  of  our  application 
was  to  test  the  possibility  that  areas  which  degenerate  first  contain  a  larger  density  of  kainate 
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receptor-immunoreactive  terminals.  To  do  so,  we  processed  striatal  sections  for  GluR6/7  and 
KA2  immunoperoxidase  labelling  and  sampled  various  striatal  regions  for  the  presence  of 
immunoreactive  elements.  As  expected  based  on  our  previous  study  (Charara  et  al.,  1999),  the 
immunoreactivity  for  both  kainate  receptor  antibodies  was  found  in  pre-  and  postsynaptic 
elements,  including  putative  glutamatergic  axon  terminals.  However,  quantitative  measurements 
of  the  relative  abundance  of  labeled  structures  did  not  reveal  any  significant  difference  in  the 
density  of  immunoreactive  terminals  between  striatal  regions  with  a  low  and  high  degeneration 
rate  (Fig.  1). 

The  second  part  of  this  study  was  to  elucidate  the  subsynaptic  localization  of  GluR6/7 
and  KA2  immunoreactivity.  To  reach  this  objective  we  used  both  pre-  and  post-embedding 
immunogold  methods.  In  material  stained  with  the  pre-embedding  immunogold  technique,  gold 
particles  were  associated  with  the  endoplasmic  reticulum  in  perikarya  of  both  projection  neurons 
and  intemeurons  (Fig.  2).  Immunostaining  was  also  found  in  dendrites,  spines  and  axon 
terminals  forming  asymmetric  synapses  (Fig.  3).  A  common  feature  that  characterized  the  pre- 
and  postsynaptic  labelling  was  that  gold  particles  were  largely  intracellular  rather  than  being 
attached  to  the  plasma  membrane  (Figs.  3,  4A,C).  We,  then,  determined  the  subsynaptic 
localization  of  the  membrane-bound  gold  particles  for  GluR6/7  and  KA2.  In  this  analysis,  the 
labelling  was  categorized  as  extrasynaptic  if  it  was  attached  to  parts  of  the  plasma  membrane  not 
involved  in  synaptic  contacts,  perisynaptic  if  it  was  located  at  the  edges  (less  than  20  nm  from) 
of  symmetric  or  asymmetric  postsynaptic  specializations  and  synaptic  if  it  occurred  in  the  main 
body  of  symmetric  or  asymmetric  synapses.  There  was  no  significant  difference  in  the  pattern  of 
distribution  of  GluR6/7  and  KA2  immunoreactivity.  Overall,  almost  70%  of  membrane-bound 
immunoreactivity  for  both  receptor  subunits  was  located  extrasynaptically,  whereas  10-15%  was 
expressed  synaptically  either  in  the  main  body  of  asymmetric  post-synaptic  specializations  (in 
spines  and  dendrites)  or  in  the  pre-synaptic  grid  of  asymmetric  axo-spinous  synapses  (in 
terminals)  (Figs  3,  4B,D).  This  large  pool  of  extrasynaptic  receptors  raises  questions  about  the 
functions  and  mechanisms  of  activation  of  these  receptors.  Spillover  of  neurotransmitter  from  the 
synaptic  cleft  of  glutamatergic  synapses  and  glutamate  release  from  glia  are  two  potential 
sources  of  activation  of  these  receptors  (Asztely  et  al.,  1997;  Antanitus,  1998). 

To  further  characterize  the  subsynaptic  localization  of  kainate  receptor  subunits,  we 
processed  tissue  for  the  post-embedding  immunogold  localization  of  GluR6/7  and  KA2.  Data 
obtained  in  these  experiments  are  illustrated  in  figures  5-8.  In  brief,  the  main  findings  are:  (1)  As 
was  found  in  the  immunoperoxidase  material  (Charara  et  al.,  1999),  axon  terminals  forming 
asymmetric  synapses  display  a  stronger  immunoreactivity  for  both  receptor  subunits  than  spines 
(Fig.  6),  (2)  The  pre-synaptic  labelling  was  often  attached  to  the  membrane  of  vesicular 
structures  inside  axon  terminals  forming  asymmetric  axo-spinous  synapses  (Fig.  5C,F).  No 
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particular  relationships  were  found  between  the  labeled  vesicles  and  their  distance  from  the 
presynaptic  grid  (Fig.  8),  i.e.  in  some  instances  the  labelling  was  confined  to  the  presynaptic  grid 
(Fig.  5D-E)  while  in  others  it  could  be  located  as  far  as  1.0  jam  away  from  the  synapse  (Fig. 
5C,F),  (3)  In  dendrites  and  spines,  the  immunogold  particles  were  largely  expressed 
extrasynaptically  though  synaptic  and  perisynaptic  labelling  at  asymmetric  synapses  was 
frequently  encountered  (Fig.  7).  We  also  commonly  found  aggregates  of  gold  particles  associated 
with  the  postsynaptic  densities  of  asymmetric  synapses  (Fig.  5D). 

Finally,  the  last  objective  of  this  study  was  to  elucidate  the  sources  of  kainate  receptor 
containing  terminals  in  the  striatum.  To  do  so,  we  combined  the  anterograde  transport  of 
biotinylated  dextran  amine  (BDA)  and  GluR6/7  or  KA2  immunoreactivity.  BDA  was  injected 
either  in  the  centromedian  nucleus  (CM)  or  the  primary  motor  cortex  (MI)  to  label  extensively 
the  two  major  sets  of  glutamatergic  terminals  which  form  asymmetric  synapses  in  the 
postcommissural  putamen.  Sections  were  processed  for  the  double  electron  microscopic  labelling 
of  BDA  (peroxidase)  and  GluR6/7  or  KA2  (pre-embedding  immunogold).  Following  both 
injections,  50-70%  of  anterogradely  labelled  terminals  displayed  kainate  receptor  subunit 
immunoreactivity  (Figs.  9-10),  which  indicates  that  kainate  receptors  may  act  as  autoreceptors  to 
modulate  the  release  of  glutamate  from  thalamic  and  cortical  afferents  to  the  sensorimotor 
striatum  in  monkeys. 

KEY  RESEARCH  ACCOMPLISHMENTS: 

So  far,  the  main  findings  of  this  project  are: 

(1)  The  relative  abundance  of  glutamatergic  terminals  immunoreactive  for  kainate  receptor 
subunits  does  not  vary  throughout  the  striatum  despite  the  fact  that  some  striatal  regions  are 
more  sensitive  than  others  to  degeneration  in  Huntington’s  disease. 

(2)  The  bulk  of  pre-  and  postsynaptic  GluR6/7  and  KA2  immunoreactivity  is  expressed 
intracellularly  under  basal  conditions. 

(3)  Most  of  the  membrane-bound  labelling  for  GLUR6/7  and  KA2  is  expressed  extrasynaptically 
though  synaptic  and  perisynaptic  labelling  of  glutamatergic  synapses  is  also  encountered. 

(4)  In  immunoreactive  terminals,  GluR6/7  and  KA2  labelling  is  associated  with  the  membrane  of 
vesicles  which  are  randomly  distributed  relative  to  the  pre-synaptic  grid  of  asymmetric 
synapses. 

(5)  More  than  half  of  cortical  and  thalamic  inputs  from  the  primary  motor  cortex  and  the 
centromedian  nucleus,  respectively,  express  GluR6/7  and  KA2  immunoreactivity  in  the 
postcommissural  putamen. 
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REPORTABLE  OUTCOMES: 


Kieval,  J.Z.,  A.  Charara,  J.-F.  Pare  and  Y.  Smith  (2000)  Subcellular  localization  of  kainate 
receptors  in  the  monkey  striatum.  Soc.  For  Neursoci.  Abstr.  ID  2528. 

Smith,  Y.,  A.  Charara,  M.  Paquet,  J.Z.  Kieval,  J.E.  Hanson,  W.G.  Hubert,  M.  Kuwajima  and  A.I. 
Levey  (2000)  Ionotropic  and  Metabotropic  GABA  and  Glutamate  Receptors  in  the  Primate  Basal 
Ganglia.  J.  Chem.  Neuroanat.  (submitted  for  publication). 

Kieval,  J.Z.,  A.  Charara,  J.-F.  Pare  and  Y.  Smith  (???)  Subcellular  and  subsynaptic  localization 
of  kaiante  receptor  subunit  immunoreactivity  in  the  monkey  striatum,  (in  preparation). 

CONCLUSIONS: 

Three  main  conclusions  can  be  drawn  from  data  obtained  so  far  in  this  project:  (1)  There  is  no 
differential  distribution  of  kainate  receptor  subunit-containing  tetTninals  between  striatal  regions 
sensitive  and  resistant  to  neurodeveneration  in,  Huntington  ’s  disease.  These  data  suggest  that  the 
potential  implication  of  kainate  receptors  in  the  excitotoxic  phenomenon  that  underlies  striatal 
cell  death  in  HD  is  unlikely  to  be  the  result  of  a  larger  density  of  malfunctioning  presynaptic 
kainate  receptors.  However,  this  does  not  rule  out  the  importance  of  kainate  receptors  in  HD 
pathology.  Although  the  kainate  receptor  density  is  the  same  throughout  the  striatum,  their 
pharmacological  properties  might  be  altered  and  lead  to  an  inefficient  regulation  of  glutamate 
release  in  the  striatum  of  Huntington’s  patients,  (2)  The  bulk  o£  kainate  receptor  subunit 
immunoreactivity  i_s  located  either  intracellular  or  at  extrasvnaptic  sites  along  neuronal  plasma 
membrane ■  This  suggests  that,  under  basal  conditions,  kainate  receptors  are  unlikely  to  mediate 
fast  synaptic  communication  in  the  primate  striatum.  This  is  in  line  with  recent  data  showing  that 
stimulation  of  glutamatergic  afferents  does  not  induce  synaptic  activation  of  kainate  receptors  in 
slices  of  rat  striatum  (Chergui  et  al.,  2000).  This  is  also  consistent  with  recent  evidence  showing 
that  the  kainate  receptor-mediated  presynaptic  control  of  GABA  release  in  the  hippocampus  is  a 
much  slower  process  than  activation  of  other  ionotropic  glutamate  receptors  and  involves  a 
metabotropic  function  (Rodriguez-Moreno  and  Lerma,  1998).  In  line  with  these  data,  it  is 
noteworthy  that  the  pattern  of  distribution  of  kainate  receptor  subunits  described  in  this  report 
resembles  that  of  metabotropic  glutamate  receptors  (Hanson  and  Smith,  1999;  Smith  et  al., 
2000a, b).  Further  studies  are  essential  to  better  characterize  the  functional  significance  of  these 
anatomical  data,  (3)  Terminals  from  both  the  centromedian  thalamic  rmc]eus  and  the  primary 
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motor  cortex  display,  kainate  receptor  subunit  immuno reactivity.  These  observations  indicate 
that  kainate  may  act  as  autoreceptors  to  modulate  the  release  of  glutamate  from  both  the 
corticostriatal  and  thalamostriatal  pathways  in  the  sensorimotor  striatal  territory.  Whether 
kainate  receptor  activation  induces  a  facilitation  or  inhibition  of  glutamate  release  from  these 
terminals  remains  to  be  established.  Functional  data  obtained  so  far  indicate  that  pre-synaptic 
kainate  receptors  may  generate  facilitatory  or  inhibitory  effects  on  transmitter  release  in  other 
brain  regions  (Rodriguez-Moreno  and  Lerma,  1998;  Chergui  et  al.,  2000). 
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FIGURE  LEGEND: 
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Fig.  1:  Relative  distribution  (A,C)  and  photomicrographs  (B,D)  of  GluR6/7-  (A,B)  and  KA2- 
(C,D)  immunoreactive  elements  in  various  striatal  regions  in  monkeys.  In  B  and  D,  Te  indicates 
immunoreactive  terminals  whereas  the  asterisks  label  non-immunoreactive  boutons.  Ax:  Axon; 
De:  Dendrite.  Scale  bars:  0.5  jam 

Fig.  2:  GluR6/7 -containing  neuronal  perikaryon  in  the  monkey  putamen.  The  framed  area  in  B  is 
shown  at  higher  magnification  in  A.  Note  aggregates  of  gold  particles  associated  with  membrane 
of  the  endoplasmic  reticulum  in  A  and  C.  Scale  bars:  A:  0.25  jam;  B:  1.0  jam;  C:  0.5  jam. 

Fig.  3:  Subcellular  localization  of  GluR6/7  (A-C)  and  KA2  (D-E)  immunoreactivity  in  the 
monkey  striatum.  Te  indicates  immunoreactive  terminals  forming  asymmetric  synapses 
(arrowheads)  with  spines  (SP)  whereas  asterisks  label  non-immunoreactive  boutons.  Note  in  D 
that  gold  particles  (arrows)  are  occasionally  found  in  the  presynaptic  grid  of  asymmetric 
synapses.  In  C  the  arrow  indicates  perisynaptic  labelling  a  the  edge  of  an  asymmetric 
postsynaptic  specialization.  Scale  bars:  A:  0.25  jam;  B:  0.5  jam  (valid  for  D);  C:  0.25  jam;  E:  0.25 
Hm. 

Fig.  4:  (A,C)  Relative  proportion  of  intracellular  versus  membrane-bound  immunogold  labelling 
for  GluR6/7  (A)  and  KA2  (C)  in  the  monkey  striatum.  (B,D)  Subsynaptic  localization  of 
membrane-bound  immunogold  labelling  for  GluR6/7  (B)  and  KA2  (D).  Note  that  most  gold 
particles  are  located  extrasynaptically. 

Fig.  5:  Post-embedding  immunogold  localization  of  GluR6/7  (A-D)  and  KA2  (E-F)  labelling  in 
the  monkey  striatum.  (A-B)  Postsynaptic  GluR6/7  immunoreactivity  (arrows)  in  the  main  body 
of  asymmetric  axo-spinous  synapses.  (C,F)  Presynaptic  GluR6/7  (C)  and  KA2  (F)  immunogold 
labelling  (arrows)  attached  to  the  membrane  of  vesicular  structures  in  terminals  forming 
asymmetric  synapses  with  spines  (SP).  (D,E)  Pre  (arrows)  and  postsynaptic  (arrowhead) 
GluR6/7  (D)  and  KA2  (E)  immunolabelling  at  asymmetric  axo-spinous  synapses.  Note  that  the 
presynaptic  labelling  is  aggregated  in  the  presynaptic  grid  (arrows)  whereas  the  postsynaptic 
labelling  is  associated  with  the  postsynaptic  density  of  the  asymmetric  specialization.  Scale  bars: 
A:  0.25  jam  (valid  for  B-C,F);  D:  0.25  jam  (valid  for  E). 
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Fig.  6:  Relative  abundance  of  postembedding  immunogold  labelling  for  GluR6/7  (A,B)  and  KA2 
(C,D)  immunoreactivity  in  axon  terminals  (A,C)  and  spines  (B,D). 

Fig.  7:  Subsynaptic  localization  of  postembedding  immunogold  labelling  for  GluR6/7  (A)  and 
KA2  (B)  in  axon  terminals  and  spines.  Note  that  the  overall  pattern  of  distribution  resembles  that 
found  with  the  pre-embedding  immunogold  technique  (see  Fig.  4B,D). 

Fig.  8:  Localization  of  presynaptic  GluR6/7  (A)  and  KA2  (B)  immunogold  labelling  relative  to 
asymmetric  synaptic  junctions.  Note  that  both  kainate  receptor  subunit  immunoreactivity  is 
randomly  distributed  relative  to  the  synapses. 

Fig.  9:  Anterogradely  labelled  terminals  immunoreactive  for  GluR6/7  (Te  in  A,C)  or  KA2  (Te  in 
B,D)  in  the  monkey  putamen  after  BDA  injections  in  the  primary  motor  cortex  (B,C)  or  the 
centromedian  thalamic  nucleus  (A,D).  All  double  labelled  terminals  formed  asymmetric 
synapses  (arrowheads)  with  spines  (SP)  or  dendrites  (Den).  The  asterisks  indicate  unlalelled 
boutons.  A  KA2-containing  terminal  (uTe)  not  labelled  with  BDA  is  also  shown  in  B.  Scale 
bars:  A:  0.25  /im  (valid  for  C);  B:  0.25  ptm  (valid  for  D). 

Fig.  10:  Relative  proportion  of  anterogradely  labelled  terminals  that  display  GluR6/7  or  KA2 
immunoreactivity  following  thalamic  or  cortical  injections  of  BDA. 
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Kainate  receptor  subunits  are  strongly  expressed  in  glutamatergic  terminals  in  the  striatum.  To  better  understand  the  function  of  these  receptors  and  their 
possible  control  on  neurotransmitter  release,  we  have  elucidated  the  subsynaptic  localization  of  the  GluR6/7  and  KA2  subunits  in  the  monkey  striatum.  At 
the  LM  level,  both  medium-sized  projection  neurons  and  a  few  large-sized  neurons  displayed  GluR6/7  and  KA2  immunoreactivity.  At  the  EM  level, 
immunoreactivity  for  both  receptor  subunits  was  found  in  perikarya,  dendritic  processes,  and  axon  terminals  in  the  body  and  tail  of  the  caudate,  putamen, 
and  nucleus  accumbens.  No  significant  difference  in  the  relative  abundance  of  labeled  elements  was  found  in  the  various  striatal  regions.  After  injection  of 
an  anterograde  tracer  in  the  thalamus  and  cortex,  kainate  receptor  immunoreactivity  was  seen  in  both  populations  of  labeled  terminals.  Data  obtained  with 
pre-embedding  immunogold  was  consistent  with  peroxidase  results.  Interestingly,  a  higher  proportion  of  immunogold  labeling  was  founfr  intracellularly  in 
all  labeled  elements.  Of  the  gold  particles  bound  to  the  plasma  membrane,  a  majority  were  found  extrasynaptically.  Post-embedding  immunogold  data 
further  supported  these  results.  This  technique  demonstrated  that  a  majority  of  the  presynaptic  kainate  receptors  are  localized  on  vesicular  membranes. 
Overall,  our  data  show  the  localization  of  presynaptic  kainate  receptors  intracellulariy  on  vesicles  in  the  monkey  striatum.  Such  results  might  provide  a 
better  understanding  of  the  mechanism  by  which  kainate  receptors  mediate  excitotoxic  cell  death  in  Huntington’s  disease. 
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ABSTRACT 

The  functions  of  glutamate  and  GABA  in  the  CNS  are  mediated  by  ionotropic  and 
metabotropic,  G  protein-coupled,  receptors.  Both  receptor  families  are  widely  expressed  in  basal 
ganglia  structures  in  primates  and  nonprimates.  The  recent  development  of  highly  specific 
antibodies  and/or  cDNA  probes  allowed  to  characterize  better  the  cellular  localization  of  various 
GABA  and  glutamate  receptor  subtypes  in  the  primate  basal  ganglia.  Furthermore,  the  use  of 
high  resolution  immunogold  techniques  at  the  electron  microscopic  level  led  to  major 
breakthroughs  in  our  understanding  of  the  subsynaptic  and  subcellular  localization  of  these 
receptors  in  primates.  In  this  review,  we  will  provide  a  detailed  account  of  the  current  knowledge 
of  the  localization  of  these  receptors  in  the  basal  ganglia  of  humans  and  monkeys. 
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INTRODUCTION 

Although  the  implication  of  “the  basal  ganglia”  in  the  control  of  motor  behaviors  has 
long  been  known,  the  exact  mechanisms  by  which  these  brain  regions  participate  in  motor 
control  is  still  obscure  and  controversial.  Furthermore,  it  is  now  clear  that  the  functions’of  basal 
ganglia  extend  far  beyond  mere  sensorimotor  integration  to  include  major  cognitive  and  limbic 
components.  The  evidence  that  many  neurodegenerative  diseases  of  the  basal  ganglia  often  lead 
to  major  cognitive  impairment  accompanied  by  psychiatric  problems  strongly  support  the  non¬ 
motor  functions  of  these  brain  regions  (Brown  and  Marsden,  1984,  1988;  Marsden,  1984;  Sano 
et  al.,  1989;  Mayeux  et  al.,  1990,  1992).  Our  knowledge  of  the  anatomy  and  pathophysiology  of 
primate  basal  ganglia  has  increased  dramatically  over  the  past  twenty  years  due  to  the 
introduction  of  highly  sensitive  chemoanatomical  methods,  brain  imaging  techniques  and  the 
discovery  of  l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine  (MPTP),  a  chemical  which 
selectively  kills  midbrain  dopaminergic  neuron's  in  primates  and  induces  Parkinson’s  disease 
(PD)  (Davis  et  al.,  1979;  Langston  et  al.,  1983).  The  MPTP  model  of  PD  is  one  of  the  best 
animal  model  of  neurodegenerative  diseases  currently  available.  The  use  of  this  animal  model 
has  led  to  major  breakthroughs  in  our  understanding  of  the  functional  circuitry  of  the  basal 
ganglia  and  served  as  the  cornerstone  for  the  development  of  novel  surgical  and  pharmacological 
therapies  for  PD  (see  Starr,  1995;  Blandini  et  al.,  1996;  Poewe  and  Granata,  1997;  Vitek,  1997 
for  reviews). 

The  work  that  has  been  carried  out  in  our  laboratory  over  the  past  ten  years  has  aimed  at 
understanding  various  aspects  of  the  connectivity  and  synaptic  organization  of  the  basal  ganglia 
in  non-human  primates  (Smith  et  al.,  1998a, b).  The  recent  development  of  highly  sophisticated 
electron  microscopic  immunocytochemical  approaches  allowed  us  and  others  to  better 
characterize  the  subsynaptic  and  subcellular  localization  of  neurotransmitter  receptors  involved 
in  mediating  synaptic  communication  at  various  GABAergic  and  glutamatergic  synapses  in  the 
primate  basal  ganglia  (Paquet  and  Smith,  1996;  Paquet  et  al.,  1997;  Waldvogel  et  al.,  1998, 


Smith  et  al.  GABA  and  Glutamate  Receptors  in  Basal  Ganglia  4 

1999;  Charara  et  al.,  1999,  2000a;  Hanson  and  Smith,  1999;  Smith  et  al.,  2000a).  Unfortunately, 
due  to  problems  inherent  to  postmortem  tissue  with  the  preservation  of  ultrastructural  features, 
such  studies  cannot  be  carried  out  in  human  material.  However,  due  to  similarities  in  the 
subcortical  organization  of  basal  ganglia  structures  in  human  and  non-human  primates,  there  is  a 
high  likelihood  that  our  findings  in  monkeys  can  be  extrapolated  to  humans.  In  this  review,  we 
will  present  some  of  our  most  recent  data  on  the  subsynaptic  localization  of  metabotropic 
glutamate  receptors  and  GABA-B  receptors  in  the  monkey  basal  ganglia.  We  will  also  give  a 
brief  overview  of  the  current  knowledge  of  the  localization  of  various  subtypes  of  glutamate  and 
GABA  receptors  in  the  human  basal  ganglia  largely  based  on  data  gathered  by  autoradiographic 
binding  studies,  in  situ  hybridization  method,  light  microscopic  immunocytochemical  method 
and  PET  imaging  technique.  Finally,  we  will  examine  the  possibility  of  using  novel  drug 
therapies  directed  towards  specific  subtypes  of  G  protein-coupled  glutamate  and  GABA 
receptors  to  treat  Parkinson’s  disease. 

Because  of  the  scope  of  the  paper,  this  review  will  mostly  cover  data  gathered  in 
monkeys  and  humans.  The  reader  is  referred  to  recent  extensive  reviews  and  compendia  related 
to  basal  ganglia  research  for  a  more  extensive  coverage  of  literature  (Joel  and  Weiner,  1994, 
1997;  Percheron  et  al.,  1994;  Parent  and  Hazrati,  1995;  Chesselet  and  Delfs,  1996;  Gerfen  and 
Wilson,  1996;  Ohye  et  al.,  1996;  Levy  et  al.,  1997;  Smith  et  al.,  1998a,  b;  Wilson,  1998). 

BASAL  GANGLIA  CIRCUITRY 

Striatal  Afferent s 

*  < 

In  primates,  the  basal  ganglia  are  comprised  of  five  tightly  interconnected  subcortical 
structures  involved  in  the  integration  and  processing  of  sensorimotor,  cognitive  and  limbic 
information.  The  main  entrance  of  cortical  information  to  the  basal  ganglia  circuitry  is  the 
striatum  which  is  comprised  of  the  caudate  nucleus  (CD),  putamen  (PUT)  and  nucleus 
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accumbens.  The  glutamatergic  corticostriatal  projection  is  highly  topographic  and  imposes  a 
functional  compartmentation  of  striatal  regions.  The  post-commissural  putamen  receives  inputs 
from  the  primary  motor  and  somatosensory  cortices  as  well  as  pre-motor  and  supplementary 
motor  areas  whereas  the  pre-commissural  putamen  and  the  caudate  nucleus  are  the  main  targets 
of  associative  cortical  regions.  On  the  other  hand,  the  bulk  of  cortical  afferents  to  the'  nucleus 
accumbens  (Acc)  arise  from  limbic  cortices,  amygdala  and  hippocampus  (Heimer  et  al.,  1995). 
Another  level  of  striatal  compartmentation  is  the  patch/matrix  organization.  This  concept,  which 
originally  relied  upon  the  heterogeneous  distribution  of  acetylcholinesterase  is  now  considered  to 
be  a  basic  framework  of  striatal  architecture.  Most  neurotransmitters  and  neuropeptides  as  well 
as  major  striatal  afferent  projections  and  striatal  output  neurons  display  a  preferential  distribution 
for  the  patch  or  the  matrix  compartment  (Graybiel,  1990). 

Another  major  glutamatergic  input  to  the  striatum  arises  from  the  caudal  intralaminar 
thalamic  nuclei,  namely  the  centromedian  (CM)  and  parafascicular  (Pf)  nuclear  complex  (Smith 
and  Parent,  1986;  Sadikot  et  al.,  1992a, b;  Parent  and  Hazrati,  1995).  Projections  from  the  CM 
terminate  preferentially  in  the  sensorimotor  striatal  territory  whereas  inputs  from  Pf  innervate  the 
associative  and  limbic  striatal  regions  (Sadikot  et  al.,  1992b).  Finally,  the  substantia  nigra  pars 
compacta  (SNc)  and  the  ventral  tegmental  area  (VTA)  are  the  two  main  sources  of  dopamine  to 
the  dorsal  and  ventral  striatum,  respectively.  Additional  sources  of  innervation  of  the  striatum 
include  the  external  globus  pallidus  (GPe),  the  subthalamic  nucleus  (STN),  the  dorsal  raphe  and 
the  pedunculopontine  nucleus  (TPP)  (Smith  and  Parent,  1986)  (Fig.l). 

The  main  targets  of  striatal  afferents  are  the  GABAergic  medium  sized  spiny  projection 
neurons  which  account  for  more  than  90%  of  the  total  neuronal  population  of  the  striatum  (Smith 
and  Boiam,  1990).  The  glutamatergic  inputs  from  the  cortex  terminate  almost  exclusively  on  the 
heads  of  dendritic  spines  whereas  the  thalamic  afferents  from  CM/Pf  preferentially  innervate 
dendritic  trunks  (Sadikot  et  al.,  1992a,  Smith  et  al.,  1994).  Dopamine  and  cortical  inputs  often 
converge  at  the  level  of  individual  spines,  which  supports  the  tight  functional  interaction  between 
dopamine  and  glutamate  in  mediating  proper  basal  ganglia  functions  (Smith  et  al.,  1994).  In 
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addition  to  projection  neurons,  the  striatum  is  also  endowed  with  various  populations  of  aspiny 
intemeurons  recognized  by  their  size  and  differential  content  in  neurotransmitter,  neuropeptides 
and  calcium  binding  proteins.  Four  main  classes  of  interneurons  have  been  recognized  in  the 
primate  striatum:  (1)  the  cholinergic  neurons,  (2)  the  parvalbumin-containing  neurons,  which  co¬ 
express  GABA,  (3)  the  somatostatin-containing  neurons  which  also  contain  neuropeptide  Y  and 
nitric  oxide  synthase  and  (4)  the  calretinin-containing  neurons.  Albeit  less  massively  innervated 
than  spiny  neurons,  interneurons  also  receive  direct  cortical,  thalamic  and  nigral  inputs 
(Kawaguchi  et  al.,  1995;  Sidibe  et  al.,  1999;  Bolam  et  al.,  2000). 


Direct  and  Indirect  Striatofucal  Pathways 


Once  integrated  and  processed  at  the  striatal  level,  the  information  is  conveyed  to  the 
basal  ganglia  output  structures,  the  internal  globus  pallidus  (GPi)  and  the  substantia  nigra  pars 
reticulata  (SNr),  via  two  pathways:  (1)  The  direct  pathway,  which  arises  from  a  subset  of  striatal 
projection  neurons  enriched  in  substance  P/dynorphin  and  D1  dopamine  receptors,  terminates 
directly  in  GPi  and  SNr  or  (2)  the  indirect  pathways,  which  originate  from  striatal  neurons 
enriched  in  enkephalin  and  D2  dopamine  receptors,  terminate  in  GPe  (Albin  et  al.,  1989; 
Bergman  et  al.,  1990;  Gerfen  et  al.,  1990).  In  turn,  GPe  neurons  provide  GABAergic  inputs  to 
the  STN  which  relays  signals  to  the  basal  ganglia  output  nuclei.  Imbalance  in  the  activity  of 
these  two  pathways,  in  favor  of  the  indirect  pathway,  underlies  some  of  the  motor  deficits  in 
Parkinson’s  disease  (DeLong,  1990;  Wichmann  and  DeLong,  1996).  The  model  of  direct  and 
indirect  pathways  as  originally  introduced  was,  by  necessity,  a  simplification  and  only  included 
the  major  projections  of  sub-nuclei  of  the  basal  ganglia  (Albin  et  al.,  1989;  Bergman  et  al., 
1990).  However,  since  its  introduction  there  have  been  many  developments  in  our  knowledge 
and  understanding  of  the  anatomical  and  synaptic  organisation  of  the  basal  ganglia  that  have  led 
to  reconsideration  and  updates  of  some  aspects  of  the  model.  One  of  the  most  important  new 
finding  regarding  the  anatomical  organization  of  the  basal  ganglia  is  the  demonstration  of 
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multiple  indirect  pathways  of  information  flow  through  the  basal  ganglia.  In  addition  to  the 
classical  indirect  pathway  through  the  GPe  and  the  STN,  it  is  now  well  established  that  the  GPe 
gives  rise  to  GABAergic  projections  that  terminate  in  basal  ganglia  output  structures  (GPi,  SNr), 
the  reticular  nucleus  of  the  thalamus  and  the  striatum  (see  Parent  and  Hazrati,  1995;  Smith  et  al., 
1998a,b  for  reviews)  (Fig.  1).  Even  if  the  exact  functions  of  these  connections  remain  unknown, 
it  should  be  kept  in  mind  that  the  circuitry  of  the  basal  ganglia  as  outlined  in  the  original  model 
of  “direct  and  indirect”  pathways  is  likely  to  be  more  complex  than  previously  thought  (Smith  et 
al.,  1998a).  It  is  noteworthy  that  molecular  and  anatomical  data  showing:  (1)  a  higher  degree  of 
co-localization  of  D1  and  D2  dopamine  receptors  in  striatal  projection  neurons  and  (2)  a  higher 
degree  of  collateralization  of  individual  “direct”  striatofugal  neurons  recently  challenged  the 
concept  of  direct  and  indirect  pathways  (see  Gerfen  and  Wilson,  1996  for  a  review).  Although 
these  findings  do  not  rule  out  the  segregation  of  striatofugal  neurons,  they  must  be  kept  in  mind 
while  considering  the  functional  significance  of  the  direct  and  indirect  striatofugal  pathways  in 
normal  and  pathological  conditions. 


Basal  Ganglia  Outflow 

Once  the  information  has  reached  the  GPi  and  SNr,  it  is  conveyed  to  various  thalamic  and 
brainstem  nuclei  which  project  to  motor  and  pre-motor  cortical  areas  or  to  lower  brainstem 
regions.  Although  both  the  GPi  and  SNr  project  to  the  ventral  anterior/ventral  lateral  thalamic 
complex  (VA/VL),  the  nigral  and  pallidal  afferents  largely  terminate  in  different  subdivisions  of 
the  VA/VL  nuclei  in  primates  (Ilinsky  et  al.,  1993).  Other  targets  of  SNr  neurons  include  the 
brainstem  pedunculopontine  nucleus  (TPP),  the  superior  colliculus  and  the  medullary  reticular 
formation  (Fig.  1).  The  nigrocollicular  fibers,  which  terminate  mainly  onto  tectospinal  neurones 
in  the  intermediate  layer  of  the  superior  colliculus,  play  a  critical  role  in  the  control  of  visual 
saccades.  At  thalamic  level,  inputs  from  the  medial  part  of  the  SNr  terminate  mostly  in  the 
medial  magnocellular  division  of  the  VA  (VAmc)  and  the  mediodorsal  nucleus  (MDmc)  which. 
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in  turn,  innervate  anterior  regions  of  the  frontal  lobe  including  the  principal  sulcus  (Walker's  area 
46)  and  the  orbital  cortex  (Walker's  area  11)  in  monkeys  (Ilinsky  et  al.,  1985).  On  the  other 
hand,  neurones  in  the  lateral  part  of  the  SNr  project  preferentially  to  the  lateral  posterior  region 
of  the  VAmc  and  to  different  parts  of  the  MD  mostly  related  to  posterior  regions  of  the  frontal 
lobe  including  the  frontal  eye  field  and  areas  of  the  premotor  cortex  (see  Sidibe  et  al.,  1997  for  a 
review).  Another  thalamic  target  of  SNr  neurons  is  the  caudal  intralaminar  Pf,  which  provides  a 
massive  feedback  projection  to  the  CD  (Ilinsky  et  al.,  1985;  Smith  et  al.,  2000b). 

In  addition  to  the  VA/VL  and  caudal  intralaminar  thalamic  nuclei,  the  lateral  habenular 
nucleus  and  the  TPP  also  receive  significant  inputs  from  GPi.  Efferents  from  the  sensorimotor 
GPi  remain  largely  segregated  from  the  associative  and  limbic  projections  at  the  level  of  the 
thalamus  whereas  they  partly  overlap  in  the  TPP  (Shink  et  al.,  1997;  Sidibe  et  al.,  1997).  On  the 
other  hand,  limbic  and  associative  pallidal  projections  innervate  common  nuclei  in  the  thalamus 
and  TPP.  In  squirrel  monkeys,  the  sensorimotor  GPi  outputs  are  directed  towards  the  posterior 
VL  (VLp),  whereas  the  associative  and  limbic' GPi  preferentially  innervate  the  parvocellular 
ventral  anterior  (VApc)  and  the  dorsal  VL  (VLd).  The  ventromedial  nucleus  receives  inputs  from 
the  limbic  GPi  only  (Sidibe  et  al.,  1997).  These  findings,  therefore,  suggest  that  some  associative 
and  limbic  cortical  information,  which  is  largely  processed  in  segregated  corticostriatopallidal 
channels,  converge  at  common  thalamic  nuclei  in  monkeys  (Sidibe  et  al.,  1997).  The  basal 
ganglia  influences  are  then  conveyed  to  the  cerebral  cortex  via  the  VA/VL  nuclei.  Although  it 
has  long  been  thought  that  the  sensorimotor  information  from  the  GPi  was  conveyed  exclusively 
to  the  supplementary  motor  area  (SMA),  recent  anatomical  and  physiological  data  in  macaques 
demonstrate  that  the  information  from  the  GPi  may  also  be  sent  to  the  primary  motor  cortex 
(Ml)  and  the  pre-motor  (PM)  cortical  area  (Rouillier  et  al.,  1994;  Hoover  and  Strick,  1999). 
Retrograde  transneuronal  virus  studies  showed  that  different  populations  of  GPi  neurones  project 
to  SMA,  Ml  and  PM  (Middleton  and  Strick,  2000). 

•  Most  pallidal  neurons  which  project  to  thalamic  relay  nuclei  send  axon  collaterals  to  the 
caudal  intralaminar  nuclei  where  they  are  distributed  according  to  a  specific  pattern  of  functional 
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organization.  Pallidal  axons  arising  from  the  sensorimotor  GPi  terminate  exclusively  in  CM 
where  they  form  synapses  with  thalamostriatal  neurons  projecting  back  to  the  sensorimotor 
territory  of  the  striatum  (Smith  and  Sidibd,  1999).  In  contrast,  associative  inputs  from  the 
caudate-receiving  territory  of  GPi  terminate  massively  in  a  dorsolateral  extension  of  PF  (PFdl) 
which,  surprisingly,  does  not  project  back  to  the  caudate  nucleus  but  rather  preferentially 
innervates  the  pre-commissural  region  of  the  putamen.  Finally,  the  limbic  GPi  selectively 
innervates  the  rostrodorsal  part  of  PF  which  gives  rise  to  the  thalamo-accumbens  projection 
(Sidibd  et  al.,  1997;  Smith  et  al.,  1998b;  Smith  and  Sidibe,  1999).  Therefore,  it  appears  that  the 
CM/PF  is  part  of  closed  and  open  functional  loops  with  the  striatopallidal  complex  (Smith  and 
Sidibe,  1999).  Neurons  in  PF  that  project  to  the  caudate  nucleus  do  not  receive  inputs  from  any 
functional  regions  of  GPi,  but  receive  substantial  innervation  from  the  SNr  (Smith  et  al.,  2000b). 

In  monkeys,  more  than  80%  of  GPi  neurones  that  project  to  the  VA/VL  send  axon 
collaterals  to  the  TPP  (Parent  and  Hazrati,  1995).  In  contrast  to  the  thalamus  that  conveys  the 
basal  ganglia  information  to  the  cerebral  cortex,  the  TPP  gives  rise  to  descending  projections  to 
the  pons,  medulla  and  spinal  cord  as  well  as  prominent  ascending  projections  to  the  different 
structures  of  the  basal  ganglia,  the  thalamus  and  the  basal  forebrain  (Inglis  and  Winn,  1995;  Rye, 
1997).  The  pallidotegmental  projection  may  thus  be  a  route  by  which  information  can  escape 
from  the  basal  ganglia-thalamocortical  circuitry  and  reach  lower  motor  and  autonomic  centers. 


GLUTAMATE  AND  GABA  RECEPTOR  FAMILIES  IN  THE  CNS 

Glutamate  and  GABA  receptors  are  categorized  in  two  main  groups  based  on  their 
structure  and  mechanisms  of  actions.  The  ionotropic  receptors  are  ligand-gated  ion  channels 
which  mediate  fast  synaptic  transmission  whereas  the  metabotropic  receptors  are  coupled  to  G 
proteins  and  initiate  intracellular  signaling  cascades. 
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Ionotropic  and  Metabotropic  Glutamate  Receptors 

Two  main  subtypes  of  ionotropic  glutamate  receptors  have  been  identified:  the  N-methyl- 
D-aspartate  (NMDA)  receptors  and  the  alpha-amino-3-hydroxy-5-methyl-4-isoxazole 
(AMPA)/kainate  receptors.  Numerous  subunits  and  variants  constituting  the  different ‘types  of 
ionotropic  glutamate  receptors  have  now  been  cloned  and  sequenced.  Various  factors,  including 
the  subunit  composition  and  the  relative  abundance  of  these  subunits  influence  the  biophysical 
properties  of  these  receptors.  The  NMDA  receptors  consist  of  NMDAR1  and  NMDAR2 
(a,b,c,d,e  splice  variants)  subunits  whereas  the  AMPA  receptors  are  made  up  of  the  GluRl-4 
subunits.  Finally,  heteromeric  combinations  of  the  high-affinity  kainate  binding  subunits 
(GluR5-7;  KA1-2)  form  the  kainate  receptors  {Gasic  and  Hollmann,  1992;  Hollmann  and 
Heineman,  1994;  Westbrook,  1994).  In  general,  activation  of  AMPA  and  kainate  receptors  is 
responsible  for  primary  events  in  fast  glutamatergic  transmission  since  NMDA  receptors  only 
become  fully  activated  by  glutamate  secondarily  when  their  Mg+2  block  is  relieved  by 
depolarization. 

The  metabotropic  glutamate  receptor  family  includes  eight  different  subtypes  pooled  into 
three. major  groups  based  on  their  sequence  homology,  pharmacological  properties  and 
transduction  mechanisms.  The  group  I  mGluRs,  which  include  the  splice  variants  of  mGluRl 
(a,b,c,d)  and  mGluR5  (a,b),  are  positively  coupled  via  Gq  to  phospholipase  C  and  PI  hydrolysis. 
Activation  of  these  receptors,  which  are  usually  found  postsynaptically,  generally  leads  to  slow 
depolarization,  though  presynaptic  group  I  mGluRs  were  also  found  in  some  brain  regions 
(Nakanishi,  1994;  Pin  and  Duvoisin,  1995;  Conn  and  Pin,  1997).  Group  II  mGluRs  (mGluR2,3) 
are  negatively  coupled  via  Gi/Go  to  adenylyl  cyclase  and  inhibit  the  formation  of  cyclic  AMP 
following  exposure  to  forskolin  or  activation  of  an  intrinsic  Gs-coupled  receptor.  Similarly, 
group  III  mGluRs  (mGluR4,6,7,8)  inhibit  adenylyl  cyclase  via  a  pertussis  toxin  sensitive  G- 
protein.  Group  II  and  group  III  mGluRs  are  generally  found  presynaptically  where  they  act  as 
auto-  or  heteroreceptors  to  modulate  the  release  of  glutamate  or  other  neurotransmitters.  The 
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three  groups  of  mGIuRs  can  be  further  differentiated  pharmacologically  by  their  selective 
sensitivity  to  specific  agonists  (Nakanishi,  1994;  Conn  and  Pin,  1997;  Schoepp  et  al.,  1999). 
However,  selective  compounds  for  specific  subtypes  of  receptors  in  the  same  group  are  still 
missing,  except  for  the  recent  development  of  specific  antagonists  for  mGluRl  and  mGluR5  (see 
Schoepp  et  al.,  1999  for  a  review).  *' 

Three  Major.  Groups  of_GABA  Receptors 

The  GABA  receptors  are  pooled  into  three  groups.  The  GAB  A- A  receptors,  which  are 
ligand-gated  chloride  channels,  mediate  fast  inhibitory  transmission  in  the  CNS.  These  receptors 
are  pentameric  glycoproteins  made  up  of  various  subunits  which,  to  date,  can  be  categorized  into 
seven  groups  based  on  sequence  homology  (6a,  4(3,  4y,  15,  Is,  In,  10)  (McDonald  and  Olsen, 
1994;  Bonnert  et  al.,  1999;  Mehta  and  Ticku,  1999).  The  combinational  assembly  of  these 
subunits  (and  splice  variants  of  several  of  them)  into  a  pentameric  structure  results  in  diverse 
receptor  subtypes.  In  vivo,  fully  functional  GABA-A  receptors  are  generally  made  up  of  a 
combination  of  a,  (3  and  y2  subunits.  About  80%  of  all  GABA-A  receptors  in  the  CNS  are 
sensitive  to  benzodiazepines  (BZ)  and  contain  the  classical  BZ  binding  sites  (Mohler  et  al.,  1997; 
Upton  and  Blackburn,  1997;  Mehta  and  Ticku,  1999).  The  y2  subunit  is  essential  to  convey  BZ 
sensitivity  to  GABA-A  receptors  which  is  consistent  with  the  widespread  distribution  of  this 
subunit  in  the  brain.  This  BZ  sensitivity  has  been  instrumental  for  the  development  of  various 
ligands  to  map  the  distribution  of  GABA-A  receptor  binding  sites  in  the  human  CNS  (see 
below).  Another  particular  feature  of  GABA-A  receptors  is  their  sensitivity  for  the  highly 
specific  agonist  and  antagonist,  muscimol  and  bicuculline. 

Another  major  subtype  of  GABA  receptors  in  the  CNS  is  the  GABA-B  receptors  which 
were  introduced  in  the  early  ‘80s  as  a  novel  type  of  bicuculline-insensitive  Cl'  -independent 
GABA  receptors  (Hill  and  Bowery,  1981).  GABA-B  receptors,  which  are  selectively  activated 
by  baclofen  and  insensitive  to  bicuculline  (Bowery  et  al.,  1980;  Hill  and  Bowery,  1981),  belong 
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to  the  family  of  seven  transmembrane  domain  receptors  and  are  coupled  to  Ca2+  and  K+  channels 
via  G  proteins  and  second  messenger  systems,  e.g.  inhibiting  adenylate  cyclase  (Bormann,  1997; 
Bowery,  1997;  Deisz,  1997).  GABA-B  receptors  generate  the  late  inhibitory  postsynaptic 
potentials  that  are  important  for  the  fine  tuning  of  inhibitory  neurotransmission  (Bettler  et  al., 

1998) .  During  the  past  few  years,  an  impressive  amount  of  work  has  been  devote'd  to  the 
mechanisms  of  GABA-B  action  in  the  CNS  (see  reviews  by  Kerr  and  Ong,  1995;  Misgeld  et  al., 
1995;  Bowery,  1997;  Deisz,  1997).  The  development  of  potent  GABA-B  antagonists  (Bittiger  et 
al.,  1993;  Olpe  et  al.,  1990;  Ong  et  al.,  1999;  Froestl  et  al.,  1999)  has  greatly  facilitated  the 
investigation  of  the  various  facets  of  GABA-B  receptors.  Recent  cloning  of  GABA-B  receptor 
subtypes  revealed  extended  similarity  with  metabotropic  glutamate  receptors.  So  far,  two 
GABA-B  receptor  subtypes  have  been  identified,. GAB A-BR1  and  GABA-BR2  which  assemble 
into  heterodimers  to  form  a  functional  GABA-B  receptor  (Bettler  et  al.,  1998;  Jones  et  al.,  1998; 
Kaupmann  et  al.,  1998;  White  et  al.,  1998;  Kuner  et  al.,  1999;  Makoff,  1999;  Martin  et  al., 

1999) . 

Finally,  the  last  group  of  GABA  receptors  are  the  GABA-C  receptors  which,  like  GABA- 
A  receptors,  are  members  of  the  ligand-gated  ion-channel  superfamily  receptors  permeable  to 
chloride  ions.  However,  GABA-C  receptors  stand  as  a  separate  class  of  receptors  due  to  their 
lack  of  sensitivity  to  bicuculine  and  baclofen  (Johnston,  1997).  Another  feature  that  characterizes 
GABA-C  receptors  is  their  lack  of  sensitivity  to  benzodiazepines  and  barbiturates.  Furthermore, 
these  receptors  are  activated  at  lower  concentrations  of  GABA  and  are  less  liable  to 
desensitization  than  most  GABA-A  receptors.  GABA-C  receptors  are  made  up  of  p  subunits 
which  were  cloned  in  the  early  ‘90s  from  a  human  retinal  library.  To  date,  three  p  subunit 
cDNAs  have  been  characterized,  but  very  little  is  known  about  their  functions  and  distribution  in 
the  primate  brain  (Johnston,  1997).  Although  originally  thought  to  be  expressed  exclusively  in 
the  retina,  recent  in  situ  hybridization  studies  revealed  a  much  broader  distribution  of  these 
receptor  subunits  in  the  rodent  and  human  brain  (Enz  et  al.,  1995;  Wegelius  et  al.,  1998;  Enz  and 
Cutting,  1999). 
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TECHNICAL  DEVELOPMENTS  FOR  THE  LOCALIZATION  OF 
NEUROTRANSMITTER  RECEPTORS 

The  cloning  techniques  combined  with  the  development  of  sensitive  high  resolution 
electron  microscopic  immunocytochemical  methods  led  to  major  breakthroughs  in  our  current 
knowledge  of  receptor  localization  in  the  CNS.  Although  autoradiographic  ligand  binding 
method  has  long  been  a  major  tool  used  to  visualize  receptor  binding  sites  in  the  brain,  the  lack 
of  resolution  of  this  approach  significantly  hampers  the  interpretation  of  the  exact  neuronal 
localization  of  receptor  subtypes.  A  better  resolution  can  be  obtained  using  the  techniques  of 
light  and  electron  microscopic  immunocytochemistry  and  in  situ  hybridization.  However,  due  to 
limitations  inherent  to  postmortem  tissue  in  the  preservation  of  membranes  and  glycoprotein 
antigenicity,  the  immunocytochemical  detection  of  receptors  at  the  electron  microscopic  level  in 
human  brain  is  limited,  which  makes  the  ligand  binding  methods  still  the  most  commonly  used 
tool  to  study  receptor  distribution  in  postmortmem  human  brain  tissue  (see  below). 

The  electron  microscopic  immunogold  methods  provide  a  way  by  which  the  exact 
localization  and  relative  abundance  of  receptors  in  relation  to  specific  release  sites  of 
neurotransmitters  can  be  studied.  In  our  laboratory,  we  use  two  different  immunogold  methods  to 
study  glutamate  and  GABA  receptors  in  the  monkey  basal  ganglia,  namely  the  pre-embedding 
silver-intensified  immunogold  method  and  the  freeze-substitution  post-embedding  immunogold 
technique.  These  approaches  combined  with  the  regular  immunoperoxidase  method  provide 
complementary  information  which  help  characterize  the  precise  localization  of  a  particular 
receptof  in  the  brain.  The  main  advantage  of  the  immunogold  methods  over  the 
immunoperoxidase  technique  is  the  higher  level  of  spatial  resolution  of  gold  particles  in 
comparison  to  the  amorphous  diaminobenzidine  (DAB)  reaction  product.  However,  the 
immunoperoxidase  approach  still  remains  the  most  sensitive  technique  to  detect  low  level  of 
receptor  proteins.  In  the  pre-embedding  immunogold  method,  a  secondary  antibody  conjugated 
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to  1.4  nm  gold  particles,  rather  than  the  peroxidase  complexes,  is  used  to  localize  the  antigenic 
sites.  The  size  of  the  gold  particles  is,  then,  increased  by  silver  intensification  which  results  in 
30-50  nm  electron-dense  particles.  The  main  problem  with  this  approach  is  the  poor  penetration 
of  gold-conjugated  antibodies  which  limits  the  electron  microscopic  analysis  to  the  most 
superficial  part  of  tissue  sections  and  significantly  hampers  the  interpretation  of  negative  data. 
For  that  reason,  the  post-embedding  immunogold  technique  is  definitely  the  only  reliable 
approach  to  quantify  and  unequivocally  compare  receptor  densities  associated  with  different 
synapses  on  the  same  section.  In  order  to  maintain  the  antigenicity  of  GABA  and  glutamate 
receptors  after  embedding,  it  is  necessary  to  use  the  technique  of  fast  freezing  followed  by  low 
temperature  dehydration  (a  process  named  freeze-substitution)  and  low  temperature  embedding 
of  fixed  brain  tissue  in  non-polar  resin  (Baude  et  al.,  1993, 1995;  Lujan  et  al.,  1996;  Nusser  et  al., 
1994;  1995;  1997;  1998;  Matsubara  et  al.,  1996;  Bernard  et  al.,  1997;  Ottersen  and  Landsend 
1997;  Bernard  and  Bolam,  1998;  Clarke  and  Bolam,  1998;  Nusser,  1999). 

GLUTAMATE  AND  GABA  RECEPTORS  IN  THE  STRIATUM 

Ionotropic  Glutamate  Receptors 

AMPA  Recegtan 

The  localization  of  AMPA  receptors  in  the  human  striatum  has  been  studied  in  normal 
and  pathological  conditions  by  means  of  autoradiographic  ligand  binding  (Dure  et  al.,  1991, 
1992;  Lfee  and  Choi,  1992;  Ball  et  al.,  1994;  Noga  et  al.,  1997;  Healy  et  al.,  1998;  Blue  et  al., 
1999),  in  situ  hybridization  (Bernard  et  al.,  1996;  Tomiyama  et  al.,  1997;  Healy  et  al.,  1998)  and 
light  microscopic  immunohistochemistry  (Meng  et  al.,  1997;  Cicchetti  et  al.,  1999).  Overall,  the 
whole  human  striatum  is  quite  enriched  in  AMPA  receptor  binding  sites  but  a  slightly  higher 
density  is  found  in  the  matrix  compartment  (Dure  et  al.,  1992).  Analysis  of  striatal  AMPA 
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binding  sites  in  various  pathological  conditions  revealed:  (1)  either  no  significant  differences 
(Healy  et  al.,  1998)  or  increases  (Noga  et  al.,  1997)  in  AMPA  binding  sites  in  schizophrenics,  (2) 
significant  reductions  in  AMPA  receptor  bindings  in  the  putamen  of  girls  with  Rett  syndrome 
(Blue  et  al.,  1999)  and  (3)  significant  decreases  of  AMPA  binding  sites  in  the  caudate  nucleus  of 
Huntington’s  patients  (Dure  et  al.,  1991).  More  recent  studies  using  in  situ  hybridization  and 
immunohistochemical  methods  revealed  that  the  GluRl,2,3  subunits  are  widely  expressed  in 
both  projection  neurons  and  large  intemeurons  in  the  human  striatum  whereas  GluR4  is  confined 
to  a  small  population  of  large-  and  medium-sized  neurons  (Bernard  et  al.,  1996;  Meng  et  al., 
1997;  Tomiyama  et  al.,  1997).  Subpopulations  of  large  and  medium  CR-containing  intemeurons 
are  endowed  with  GluRl,  GluR2  and  GluR4  AMPA  receptor  subunits  (Cicchetti  et  al.,  1999).  No 
significant  changes  in  GluRl -4  mRNA  expression  was  found  in  the  striatum  of  parkinsonian 
patients  (Bernard  et  al.,  1996). 

As  in  humans,  GluRl, 2, 4  immunoreactivities  are  found  in  medium-sized  projection 
neurons  in  both  the  caudate  nucleus  and  putamen  of  rhesus  monkeys  (Martin  et  al.,  1993).  In 
contrast,  large  cholinergic  intemeurons,  which  partly  co-localize  with  CR  in  humans  (Cichetti  et 
al.,  1998),  express  GluR4  immunoreactivity  but  are  devoid  of  GluRl  and  GluR2/3  labeling 
(Martjn  et  al.,  1993).  GluRl,  but  not  GluR2/3  or  GluR4  immunoreactivity,  is  more  intense  in  the 
ventral  striatum  than  the  dorsal  striatum.  In  the  caudate  nucleus,  GluRl  is  preferentially 
expressed  in  medium  sized  spiny  neurons  in  patches  whereas  the  matrix  contains  large  GluR4- 
containing  cholinergic  intemeurons  (Martin  et  al.,  1993).  Recent  data  showed  an  upregulation  of 
the  AMPA  GluRl  subunit  in  the  striatal  patch  compartment  of  MPTP-treated  parkinsonian 
monkeys  (Betarbet  et  al.,  2000).  Most  intrinsic  dopaminergic  neurons  in  the  monkey  striatum, 
which  increase  substantially  in  number  after  MPTP  treatment,  express  GluRl,  but  not  GluR2/3 
immunoreactivity  (Betarbet  and  Greenamyre,  1999). 

At  the  electron  microscopic  level,  the  GluRl  subunit  is  enriched  in  dendritic  spines 
(Martin  et  al.,  1993),  which  is  consistent  with  recent  immunogold  data  showing  that  the  bulk  of 
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AMPA  receptor  subunit  immunoreactivity  is  confined  to  asymmetric  axo-spinous  synapses  in  the 
rat  striatum  (Bernard  et  al.,  1997). 

Kainate  Receptor^ 

Due  to  the  lack  of  specific  markers  that  could  differentiate  kainate  from  AMPA  receptor 
binding  sites,  very  little  is  known  about  the  localization  of  kainate  receptors  in  the  human 
striatum.  Using  in  situ  hybridization  approach,  Bernard  et  al.  (1996)  recently  showed  that  the 
GluR6,  GluR7  and  KA2  receptor  subunits  are  detected  in  about  50-60%  of  striatal  medium-sized 
neurons  whereas  the  KA1  labeling  is  restricted  to  20-30%  of  these  neurons.  Less  than  2%  of 
striatal  neurons  express  the  GluR5  subunit  mRNA. (Bernard  et  al.,  1996). 

We  recently  carried  out  a  detailed  analysis  of  the  subsynaptic  localization  of  kainate 
receptor  subunit  immunoreactivity  in  the  monkey  striatum  using  antibodies  raised  against  the 
GIuR6/7  and  KA2  kainate  receptor  subunits  (Fig.  2).  One  of  the  major  finding  of  this  study  was 
that  kainate  receptor  subunits  are  expressed  presynaptically  in  glutamatergic  axon  terminals 
forming  asymmetric  axo-spinous  and  axo-dendritic  synapses  (Charara  et  al.,  1999;  Kieval  et  al., 
2000)  (Fig.  2A-B).  To  determine  the  source  of  these  terminals,  the  anterograde  transport  of 
biotinylated  dextran  amine  (BDA)  was  combined  with  GluR6/7  or  KA2  immunostaining. 
Following  BDA  injections  in  the  centromedian  thalamic  nucleus  or  the  primary  motor  cortex, 
more  than  half  of  anterogradely  labelled  boutons  in  the  postcommissural  putamen  displayed 
GluR6/7  and  KA2  immunoreactivity  (Fig.  2C),  which  indicate  that  kainate  receptors  may  act  as 
pre-synaptic  autoreceptors  to  control  glutamate  release  from  the  thalamus  and  the  cerebral  cortex 
in  the  primate  striatum.  A  particular  feature  of  kainate  receptor  subunit  immunoreactivity  is  their 
strong  intracellular  expression  under  basal  conditions  (Fig.  2B-D).  Using  pre-  and  post¬ 
embedding  immunogold  methods,  the  bulk  of  GluR6/7  and  KA2  immunoreactivity  is,  indeed, 
associated  with  intracellular  organelles  rather  than  being  bound  to  the  plasma  membrane  (Fig. 
2B-D).  In  immunoreactive  axon  terminals,  kainate  receptor  subunit  immunoreactivity  is  attached 
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to  the  membrane  of  synaptic  vesicles  which,  in  some  cases,  are  located  in  the  active  zone  of 
asymmetric  synapses  (Fig.  2D-E).  Postsynaptic  labelling  of  asymmetric  postsynaptic 
specilaizations  is  also  seen  (Fig.  2F).  Although  the  functions  of  kainate  receptors  in  the  striatum 
are  still  obscure  due  to  the  lack  of  specific  compounds  to  modulate  these  receptors,  the  recent 
development  of  specific  AMPA  antagonists  (Partenain  et  al.,  1995)  should  help  further  our 
knowledge  of  the  role  of  these  receptors  in  the  functional  circuitry  of  the  basal  ganglia.  Another 
promising  research  avenue  that  should  definitely  be  explored  over  the  next  few  years  is  the 
potential  role  of  presynaptic  kainate  receptors  in  the  excitotoxic  phenomenon  involved  in  the 
death  of  striatal  projection  neurons  in  Huntington’s  disease.  The  recent  findings  that  the  age  of 
onset  of  Huntington’s  disease  could,  in  some  cases,  be  attributed  to  the  genotype  variation  of  the 
GluR6  kainate  receptor  subunit  in  humans  strongly  suggest  that  these  receptors  may,  somehow, 
be  involved  in  the  neurodegenerative  process  in  Huntington’s  patients  (Rubinzstein  et  al.,  1997; 
MacDonald  et  al.,  1999). 

NMDA  Recepto) -_s 

.  Irrespective  of  the  approach  used,  all  data  agree  that  the  human  striatum  is  enriched  in 
NMDA  receptors.  Ligand  binding  studies  show  dense  NMDA  binding  sites  throughout  the  whole 
extent  of  the  caudate  nucleus,  putamen  and  nucleus  accumbens,  with  a  tendency  to  be  slightly 
higher  in  the  matrix  than  the  patch  compartment  (Dure  et  al.,  1992;  Lee  and  Choi,  1992).  As 
discussed  above  for  the  AMPA  receptors,  NMDA  binding  is  affected  in  various  brain  diseases 
(Dure  et  al.,  1991;  Ulas  et  al.,  1994;  Noga  et  al.,  1997;  Blue  et  al.,  1999).  Data  obtained  in 
postmortem  parkinsonian  brains  are  controversial;  both  increases  (Ulas  et  al.,  1994)  and 
decreases  (Gerlach  et  al.,  1996;  Meoni  et  al.,  1999)  of  NMDA  binding  sites  have  been  reported 
in  the  caudate  nucleus  and  putamen  of  these  patients.  Despite  these  changes  in  binding  density, 
no  major  difference  in  NMDAR1  mRNA  expression  is  found  in  the  striatum  of  parkinsonian 
patients  (Meoni  et  al.,  1999).  On  the  other  hand,  significant  reduction  in  NMDA  binding  was 
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found  in  the  striatum  of  Huntington’s  patients  (Dure  et  al.,  1991)  whereas  an  increased  density  of 
NMDA  receptors  was  reported  in  the  putamen  of  schizophrenics  (Aparicio-Legarza  et  al.,  1998). 
Recent  in  situ  hybridization  data  provide  clear  evidence  for  a  differential  distribution  of  various 
NMDA  receptor  subunits  among  the  two  populations  of  striatal  projection  neurons  and 
interneurons  (Kosinki  et  al.,  1998;  Kuppenbender  et  al.,  2000).  In  brief,  those  data  indicate:  (1) 
intense  NMDAR1  and  NMDAR2B  signal  over  all  striatal  neurons,  (2)  strong  NMDAR2A  signal 
over  GAD67-immunoreactive  neurons,  intermediate  labeling  over  substance  P-containing 
projection  neurons,  low  labeling  over  enkephalin-positive  projection  neurons  but  no  signal  over 
somatostatinergic  and  cholinergic  interneurons  which,  on  the  other  hand,  express  moderate 
signals  for  NMDAR2D  (3)  weak  NMDAR2C  signal  over  all  striatal  neurons  except  for  the 
moderate  labeling  of  cholinergic  interneurons  and  (4)  low  NMDAR2D  labeling  over  GAD67- 
and  substance  P-containing  neurons  and  no  labeling  over  enkephalin-positive  projection  neurons. 
Furthermore,  only  25%  of  intrastriatal  dopaminergic  neurons  express  NMDAR1 
immunoreactivity  in  MPTP-treated  monkeys  (Betarbet  and  Greenamyre,  1999).  These  data 
highlight  the  fact  that,  although  all  striatal  neurons  express  NMDA  receptors,  their  subunit 
composition  may  significantly  differ  among  the  various  neuronal  populations.  This  provides  a 
basis  for  therapeutic  development  aimed  a  targeting  glutamatergic  synapses  associated  with 
specific  NMDA  receptor  subtypes  in  neurodegenerative  diseases  (see  below). 

Metabotropic  Glutamate  Receptors 

As  mentioned  above,  three  main  groups  of  mGluRs  have  been  cloned.  Antibodies  have 
now  beeh  generated  against  most  of  these  receptor  subtypes  which  allow  to  study  their  neuronal 
and  subsynaptic  localization  at  the  electron  microscopic  level.  To  our  knowledge,  data  on  the 
localization  of  mGluRs  in  the  human  striatum  are  limited  to  a  few  binding  studies  (Dure  et  al., 
1991;  Blue  et  al.,  1999)  and  a  recent  immunocytochemical  analysis  of  the  distribution  of 
mGluR2  (Phillips  et  al.,  2000).  The  neuropil  in  both  the  dorsal  and  ventral  striatum  displays 
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strong  mGluR2  immunoreactivity,  but  no  cells  or  recognizable  neuronal  processes  could  be  seen. 
This  supports  recent  data  showing  that  mGluR2/3  immunoreactivity  in  the  rat  striatum  is  mostly 
associated  with  cortical  axon  terminals  (Testa  et  al.,  1998). 

We  used  polyclonal  antisera  raised  against  mGIuRla  and  mGluR5  (a,b)  to  study  the 

subsynaptic  distribution  of  group  I  mGluRs  in  the  dorsal  striatum  of  monkeys  (Fig.  3)  (Smith  et 

al.,  2000a).  Overall,  the  pattern  of  group  I  mGluRs  immunoreactivity  is  the  same  in  the  caudate 

nucleus  and  the  putamen.  Both  medium-sized  projection  neurons  and  large  intemeurons  display 

mGIuRla  and  mGluR5  immunoreactivities.  In  general,  the  neuropil  staining  is  much  more 

intense  with  the  mGluR5  than  the  mGIuRla  antiserum.  No  obvious  patch/matrix  pattern  of 

distribution  of  immunoreactive  neurons  is  observed  with  both  antisera  (Smith  et  al.,  2000a).  At 

the  electron  microscope  level,  the  immunoperoxidase  reaction  product  is  mostly  found  in  post- 
* 

synaptic  elements  including  large-  and  small-sized  perikarya  with  smooth  or  indented  nuclei, 
dendritic  processes  of  various  sizes  and  dendritic  spines.  In  addition,  some  axon  terminals  that 
form  asymmetric  axo-spinous  synapses  display  light  mGIuRla  immunoreactivity,  but 
presynaptic  labelling  was  never  encountered  in  mGluR5-immunostained  sections  (Smith  et  al., 
2000a).  In  sections  labeled  with  immunogold,  both  mGIuRla  and  mGluR5  immunoreactivities 
are  commonly  found  at  the  edges  of  asymmetric  post-synaptic  densities  of  axo-spinous  and  axo¬ 
dendritic  synapses  (Fig.3B,C).  In  the  mGluR5-immunostained  sections,  aggregates  of  gold 
particles  are  also  associated  with  the  main  body  of  symmetric  post-synaptic  specializations 
established  by  terminals  that  morphologically  resemble  intrinsic  GABAergic  boutons  (Fig. 
3C,D).  In  sections  double  labelled  for  tyrosine  hydroxylase  (TH)  and  group  I  mGluRs,  mGluR5 
immunoreactivity  is  occasionally  found  perisynaptically  to  symmetric  synapses  established  by 
TH-containing  terminals  (Fig.  3A,C).  A  large  number  of  gold  particles  are  also  found 
extrasynaptic  along  the  membrane  of  dendrites  and  spines. 

So  far,  very  little  is  known  about  the  subcellular  and  subsynaptic  localization  of  group  II 
and  group  III  mGluRs  in  the  primate  striatum.  Preliminary  evidence  indicates  that  group  II 
mGluRs  are  expressed  presynaptically  in  putative  glutamatergic  axon  terminals  and 
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postsynaptically  in  dendrites  and  spines  (Paquet  and  Smith,  1997).  On  the  other  hand,  group  III 
mGluRs  (mGluR7a  and  mGluR4a)  are  found  in  both  GABAergic  and  glutamatergic  boutons 
(Paquet  and  Smith,  1997).  On  the  basis  of  these  anatomical  data,  it  appears  that  both  pre  and 
postsynaptic  mGluRs  may  act  at  various  sites  to  modulate  glutamatergic,  dopaminergic  and 
GABAergic  synaptic  transmission  in  the  primate  striatum  (Fig.  3).  The  expression  of ‘group  II 
and  group  III  mGluRs  in  glutamatergic  terminals  raises  the  interesting  possibility  of  targeting 
these  receptors  to  decrease  the  release  of  glutamate  in  Huntington’s  disease,  thereby,  protecting 
striatal  projection  neurons  from  excitotoxic  cell  death. 

Ionotropic  GABA-A  Receptors 

It  is  well  established  that  there  are  two  BZ  binding  sites  on  GABA-A  receptors  which  can 
be  differentiated  by  their  affinity  for  specific  agonists  and  antagonists  (Johnson,  1996;  Mehta  and 
Ticku,  1999).  The  use  of  selective  radioactive  ligands  for  BZ1  and  BZII  receptors  allowed  to 
study  the  distribution  of  BZ/GABA-A  receptors  in  the  human  and  monkey  striatum  in  both 
normal  and  pathological  conditions.  However,  many  studies  were  carried  out  using  ligands  that 
bind  to  both  BZ  receptor  subtypes.  In  the  description  below,  we  will  refer  to  either  BZI  or  BZII 
receptors  in  cases  where  specific  ligands  were  used  and  BZ  binding  sites  in  cases  where  data 
have  been  obtained  with  nonspecific  ligands  that  recognize  both  receptor  subtypes.  In  brief,  BZ 
binding  studies  led  to  the  following  data:  (1)  Both  receptor  subtypes  are  significantly  more 
abundant  in  the  ventral  than  dorsal  striatum  (Young  and  Kuhar,  1979;  Penney  and  Young,  1982; 
Walker  et  al.,  1984;  Faull  and  Villiger,  1986,  1988;  Waldvogel  et  al.  1998,  1999),  (2)  In  both  the 
caudate'nucleus  and  putamen,  BZI  and  BZII  binding  sites  are  distributed  according  to  the 
patch/matrix  compartmentation  in  humans  and  monkeys  (Faull  and  Villiger,  1986,  1988; 
Waldvogel  et  al.,  1998,  1999),  (3)  The  density  of  BZ  binding  sites  is  significantly  decreased  in 
the  striatum  of  Hutington’s  patients  (Penney  and  Young,  1982;  Walker  et  al.,  1984;  Glass  et  al., 
2000),  (4)  The  density  of  BZ  binding  sites  is  decreased  in  the  rostral  part  of  the  caudate  nucleus 
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and  putamen  of  MPTP-treated  monkeys.  This  decrease  remains  unchanged  after  treatment  with 
D1  or  D2  receptor  agonists  (Calon  et  al.,  1999)  and  (5)  Continuous,  but  not  pulsatile, 
administration  of  the  D2  agonist,  U91356A,  in  MPTP  monkeys  leads  to  a  significant  decrease  of 
BZ  binding  sites  in  the  striatum  (Calon  et  al.,  1995).  PET  imaging  is  another  approach  that  has 
been  used  to  study  the  in  vivo  distribution  of  BZ  binding  sites  in  monkey  and  human ‘striatum 
(Brouillet  et  al.,  1990;  Moerlein  and  Perlmutter,  1992;  Schmid  et  al.,  1995).  Results  obtained  so 
far  with  these  methods  are  largely  consistent  with  in  vitro  binding  data. 

The  development  of  antibodies  and  cDNA  probes  raised  against  various  GABA-A 
receptor  subunits  allowed  studies  of  the  detailed  cellular  localization  of  these  subunits  in  the 
human  and  monkey  striatum.  Overall,  the  immunohistochemical  labeling  for  many  GABA-A 
receptor  subunits  shows  a  marked  heterogeneous  distribution,  which  corresponds  to  the 
patch/matrix  striatal  compartments,  throughout  the  human  striatum.  In  brief,  apart  from  the  al 
subunits  which  are  more  abundant  in  the  matrix  than  the  patch  compartment,  all  other  subunits 
examined  (a2,  a3,  (32/3,  y2)  are  expressed  in  both  compartments  but  significantly  more  in 
patches  than  the  matrix  in  the  dorsal  striatum  (Waldvogel  et  al.,  1999).  The  al  and  (32/3  subunits 
display  a  similar  pattern  of  distribution  in  the  baboon  striatum  (Waldvogel  et  al.,  1998).  It  is 
noteworthy  that  the  pattern  of  compartmental  expression  of  these  receptor  subunits,  except  for 
the  al  subunit,  is  different  in  the  ventral  striatum  where  all  subunits  are  preferentially  expressed 
in  the  matrix  compartment  (Waldvogel  et  al.,  1999).  Co-localization  studies  using  various 
markers  of  striatal  neurons  led  to  the  following  conclusions  about  GABA-A  receptor  subunit 
configurations  in  human  striatal  cells:  (1)  The  parvalbumin/GABA  interneurons  are  enriched  in 
al,  (32/3  and  y2  subunits  whereas  the  calretinin  intemeurons  express  the  same  subunits  but  also 
contain  high  levels  of  the  a3  subunit,  (2)  The  cholinergic  intemeurons  only  express  the  a3 
subunit,  (3)  The  NPY-immunoreactive  neurons  are  completely  devoid  of  GABA-A  receptor 
subunit  immunoreactivity  and  (4)  The  calbindin-containing  projection  neurons  express  a  low  to 
moderate  level  of  a2,  a3,  (32/3  and  y2  subunits  immunoreactivity  but  are  devoid  of  al  subunit 
labeling.  In  monkeys,  the  al  subunit  is  also  expressed  preferentially  in  striatal  intemeurons 
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whereas  the  (32/3  subunits  immunoreactivity  is  much  more  homogeneously  distributed 
(Waldvogel  et  al.,  1998).  Other  GABA-A  receptor  subunits  found  in  the  monkey  striatum 
include  the  a4  and  8  subunits  which  are  expressed  at  high  and  moderate  levels,  respectively,  in 
most  striatal  neurons  (Kultas-Ilinsky  et  al.,  1998).  In  contrast,  the  pi  and  yl  subunit  mRNAs  are 
not  detectable  in  the  monkey  striatum  (Kulktas-Ilinsky  et  al.,  1998).  These  data  indicate  that  the 
subunit  composition  of  GABA-A  receptors  displays  a  considerable  degree  of  regional  and 
cellular  heterogeneity  in  the  human  and  monkey  striatum. 

So  far,  the  electron  microscopic  analysis  of  GABA-A  receptor  subunits  in  the  primate 
striatum  is  limited  to  immunoperoxidase  localization  of  al  and  P2/3  subunit  labeling  in  baboon 
and  macaque  monkeys.  In  both  species,  the  GABA-A  receptor  subunits  are  expressed  along  the 
plasma  membrane  of  striatal  projection  neurons  and  interneurons.  At  the  subsynaptic  level, 
peroxidase  labeling  was  found  to  be  associated  with  both  symmetric  and  asymmetric  membrane 
specializations  as  well  as  with  nonsynaptic  sites  along  the  plasma  membrane  (Waldvogel  et  al., 
1998).  Further  immunogold  studies  are  essential  to  characterize  the  exact  synaptic  localization  of 
GABA-A  receptor  subunits  in  the  primate  striatum.  Recent  immunogold  data  indicate  that  the 
al,  P2/3  and  y2  subunit  immunoreactivities  are  expressed  postsynaptically  in  the  main  bodies  of 
symmetric  GABAergic  synapses  in  the  rat  striatum  (Fujiyama  et  al.,  2000). 

Metabotropic  GABA-B  Receptors 

The  distribution  of  GABA-B  binding  sites  in  the  monkey  basal  ganglia  has  recently  been 
studied  using  high  affinity  radioactive  ligands  (3HCGP  62349;  I25I-CGP  64213)  and  3H-GABA. 
The  striatum  and  the  substantia  nigra  were  found  to  display  the  highest  level  of  GABA-B 
binding  in  the  basal  ganglia  (Ambardekar  et  al.,  1999;  Bowery  et  al.,  1999;  Calon  et  al.,  2000).  In 
general,  the  distribution  of  striatal  binding  sites  is  relatively  homogeneous  throughout  the 
caudate  nucleus,  putamen  and  nucleus  accumbens.  No  obvious  patch/matrix  compartmention  of 
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labelling  was  noticed.  The  density  of  striatal  GABA-B  binding  sites  is  not  changed  in  MPTP- 
induced  parkinsonian  monkeys  treated  with  dopaminergic  agonists,  despite  a  significant  decrease 
in  the  substantia  nigra  and  increased  binding  in  the  GPi  (Calon  et  al.,  2000). 

The  recent  cloning  of  two  GABA-B  receptor  subtypes  (GABA-BR1  and  GABA-BR2) 
and  the  subsequent  development  of  antibodies  and  mRNA  probes  led  to  a  better  characterization 
of  the  cellular  and  subcellular  localization  of  GABA-B  receptors  in  rat  (Fritschy  et  al.,  1998; 
Margeta-Mitrovic  et  al.,  1999),  monkey  (Charara  et  al.,  2000a, b)  and  human  (Makoff,  1999; 
Billinton  et  al.,  2000)  brain.  We  recently  used  affinity-purified  polyclonal  antisera  to  localize 
immunocytochemically  GABA-BR1  and  GABA-BR2  receptor  subtypes  at  light  and  electron 
microscope  level  in  the  monkey  basal  ganglia  (Charara  et  al.,  2000a, b).  Overall,  the  pattern  of 
labelling  generated  by  both  antisera  is  relatively,similar  throughout  the  primate  basal  ganglia, 
except  that  the  intensity  of  labelling  is  generally  much  higher  for  GABA-BR1  than  GABA-BR2 
immunoreactivity.  The  similarity  in  distribution  for  both  GABA-B  receptor  subtypes  is 
consistent  with  the  idea  that  GABA-BR1  and  GABA-BR2  receptors  must  form  heterodimers  to 
be  functional  (Jones  et  al.,  1998;  Kaupmann  et  al.,  1998;  White  et  al.,  1998;  Kuner  et  al.,  1999; 
Makoff,  1999). 

,  In  the  striatum,  the  staining  for  both  GABA-B  receptor  subtypes  is  homogeneous  and 
relatively  similar  throughout  the  caudate  nucleus,  putamen  and  nucleus  accumbens.  Both 
medium-sized  projection  neurons  and  large  interneurons  are  immunostained.  In  general, 
intemeurons  are  more  strongly  labeled  than  projection  neurons  which  is  in  keeping  with  recent 
findings  showing  that  the  GABA-BR1  immunoreactivity  is  particularly  abundant  in  a  small 
population  of  neurons  scattered  throughout  the  rat  striatum  (Margeta-Mitrovic  et  al.,  1999). 
There  is  no  patchy  distribution  of  immunostaining,  indicating  that  GABA-B  receptor 
immunoreactivity  is  not  differentially  expressed  in  the  patch-matrix  compartments,  which  differs 
from  the  patchy  distribution  of  some  GABA-A  receptor  subunits  in  the  monkey  and  human 
striatum  (see  above). 


Smith  et  al. 


GABA  and  Glutamate  Receptors  in  Basal  Ganglia 


24 


At  the  electron  microscope  level,  the  immunoperoxidase  product  of  GABA-BR1  and 
GABA-BR2  is  found  in  postsynaptic  elements  including  large-  and  medium-sized  cell  bodies, 
dendrites  and  spines  (Charara  et  al.,  2000a, b).  Occasionally,  GABA-BR1  immunoreactivity  is 
also  detected  in  cell  bodies  and  thin  processes  of  astrocytes.  In  sections  stained  with  the  pre¬ 
embedding  immunogold  method,  GABA-BR1  immunoreactivity  was  found  to  be  localized  in  the 
main  body  of  symmetric  post-synaptic  specializations  established  by  terminal  boutons  packed 
with  large  pleomorphic  vesicles  or  vesicle-filed  axonal  processes  (Fig.  4D-E).  Perisynaptic 
labeling  at  asymmetric  axo-spinous  and  axo-dendritic  synapses  is  also  seen  (Fig.  4C,E).  Finally, 
a  large  number  of  extrasynaptic  gold  particles  were  found  in  neuronal  perikarya,  dendrites  and 
spines  (Fig.  4E).  In  addition  to  post-synaptic  elements,  GABA-BR1  and  GABA-BR2 
immunoreactivities  were  found  in  many  myelinated  and  unmyelinated  axonal  segments  as  well 
as  in  cortical-  or  thalamic-like  terminal  boutons  forming  asymmetric  axo-spinous  and  axo¬ 
dendritic  synapses  (Fig.  4A-B,E).  In  those  labelled  terminals,  the  gold  particles  are  found  in  the 
presynaptic  grid  of  asymmetric  axospinous  and  axodendritic  synapses  (Fig.  4B).  Another  much 
rarer  type  of  GABA-BRl-immunoreactive  terminals  form  "en  passant"  symmetric  synapses  with 
immunolabeled  dendrites  and  display  the  ultrastructural  features  of  either  dopaminergic 
terminals  from  the  substantia  nigra  or  GABA-containing  intrinsic  striatal  boutons  (Charara  et  al., 
2000a)  (Fig.  4E).  Although  functions  of  GABA-B  receptors  in  the  primate  brain  are  poorly 
known,  these  anatomical  data  indicate  that  these  receptors  are  localized  to  subserve  both  pre-  and 
postsynaptic  control  of  GABAergic,  glutamatergic  and,  possibly,  dopaminergic 
neurotransmission  in  the  monkey  striatum.  Functional  data  in  various  non-primate  species, 
indeed,  suggest  that  activation  of  GABA-B  receptors  modulate  glutamatergic  and  dopaminergic 
transmission,  but  the  exact  localization  of  receptors  which  mediate  these  effects  remains 
controversial  (Sawynok  and  LaBella,  1981;  Reinmann,  1983;  Wilson  and  Wilson,  1985; 
Seabrook  et  al.,  1990;  Calabresi  et  al.,  1990,  1991;  Arias-Montano  et  al.,  1992;  Nisenbaum  et  al., 
1992,  1993;  Smolders  et  al.,  1995). 
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GLUTAMATE  AND  GABA  RECEPTORS  IN  THE  GLOBUS  PALLIDUS 

Ionotropic  Glutamate  Receptors 

Both  GPe  and  GPi  show  a  relatively  strong  binding  for  various  ionotropic  glutamate 
receptor  subtypes  and  are  enriched  in  NMDA,  AMPA  and  kainate  receptor  subunits  in  monkeys 
and  humans  (Lee  and  Choi,  1992;  Bernard  et  al.,  1996;  Tomiyama  et  al.,  1997;  Blue  et  al.,  1999). 
The  four  AMPA  receptor  subunits  (GluRl-4)  are  expressed  at  a  moderate  to  high  level  in  GPe 
and  GPi  of  rhesus  monkeys  and  humans  (Bernard  et  al.,  1996;  Paquet  and  Smith,  1996;  Meng  et 
al.,  1997;  Tomiyama  et  al.,  1997;  Ciliax  et  al.,  1997;  Betarbet  et  al.,  2000)  whereas  only  low 
levels  of  KA1  and  KA2  subunits  are  detectable.  On  the  other  hand,  the  human  GPi  is  devoid  of 
GluR5-7  kainate  receptors  subunit  mRNAs  (Bernard  et  al.,  1996).  An  interesting  feature  about 
AMPA  receptors  in  the  primate  pallidum  is  the  relative  lack  of  GluRl  immunoreactivity  in  GPi 
neurons  in  the  squirrel  monkey  (Paquet  and  Smith,  1996).  This  differs  from  data  obtained  in 
rhesus  monkeys  and  humans,  using  the  same  antibodies,  where  all  AMPA  receptor  subunits  are 
strongly  expressed  in  both  pallidal  segments  (Bernard  et  al.,  1996;  Ciliax  et  al.,  1997).  The 
functional  significance  of  this  potential  species  difference  between  old  world  and  new  world 
primates  regarding  AMPA  receptor  subunit  localization  remains  to  be  established. 

Neurons  in  both  pallidal  segments  are  enriched  in  NMDAR1  and  NMDAR2D  subunit, 
but  also  display  low  level  of  expression  of  NMDAR2A,B,C  in  humans  (Kosinki  et  al.,  1998).  In 
GPi,  a  subpopulation  of  neurons  exhibiting  low  NMDAR2D  mRNA  signal  can  be  easily 
separated  from  the  majority  of  pallidal  neurons  which  display  intense  labelling  for  this  subunit 
(Kosinki  et  al.,  1998).  Taking  into  account  that  the  bulk  of  glutamatergic  afferents  to  the  globus 
pallidus  arises  from  the  subthalamic  nucleus,  it  is  likely  that  both  AMPA  and  NMDA  receptors 
with  different  subunit  composition  might  be  expressed  at  subthalamopallidal  synapses  in 
primates. 
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Based  on  the  functional  model  of  basal  ganglia  circuitry  suggesting  that  the  STN  is 
hyperactive  in  Parkinson’s  disease,  one  could  hypothesize  that  this  hyperactivity  results  in  a 
decreased  glutamate  receptor  expression  in  the  pallidum.  It  was,  indeed,  recently  shown  that  the 
GluRl  mRNA  expression  and  protein  levels  are  significantly  decreased  in  GPi  and  SNr  of 
parkinsonians  (Bernard  et  al.,  1996;  Betarbet  et  al.,  2000). 

Metabotropic  Glutamate  Receptors 

Although  many  studies  have  addressed  the  issue  of  mGluRs  localization  in  the  rodent 
pallidum,  data  in  primates  are  much  rarer  and  restricted  to  group  I  and  group  II  mGluRs.  In  a 
recent  light  microscopic  immunoperoxidase  study,  Philips  et  al  (2000)  have  demonstrated  that 
the  neuropil  of  GPe  and  GPi  displays  a  moderate  to  high  mGluR2  immunoreactivity  in  humans 
with  a  slightly  higher  staining  intensity  in  GPe  than  in  GPi.  In  both  pallidal  segments,  the 
immunoreactivity  appeared  to  be  associated  with  afferent  fibers  rather  than  pallidal  neurons  per 
se  (Phillips  et  al.,  2000),  which  suggests  the  existence  of  presynaptic  group  II  mGluRs  in  the 
human  pallidum.  These  data  are  strikingly  different  from  those  obtained  in  rodents  which 
revealed  low  level  of  mGluR2  mRNAs  and  immunoreactivity  in  the  rat  and  mouse  globus 
pallidus  (Ohishi  et  al.,  1993;  Testa  et  al.,  1994;  1998).  Whether  this  indicates  a  true  species 
difference  between  rodents  and  primates  regarding  the  presynaptic  localization  of  mGluR2  in  the 
pallidal  complex  or  relies  upon  technical  differences  in  the  sensitivity  of  the  different  antibodies 
used  in  these  studies  remains  to  be  established.  It  is  worth  noting  that  functional  group  II 
mGluRs  were  found  to  be  expressed  on  putative  STN  glutamatergic  terminals  in  the  rat  SNr 
(Bradley  et  al.,  2000).  If  the  intense  mGluR2  immunolabeling  seen  in  the  human  pallidum 
corresponds  to  presynaptic  STN  terminals,  the  group  II  mGluRs  become  a  very  promising  target 
to  reduce  the  release  of  glutamate  from  hyperactive  subthalamopallidal  terminals  in  Parkinson’s 
disease.  To  further  characterize  this  issue,  electron  microscopic  studies  are  essential  to  determine 
the  exact  source  of  presynaptic  mGluR2  labeling  in  the  primate  pallidum. 


Smith  et  al. 


GABA  and  Glutamate  Receptors  in  Basal  Ganglia 


27 


We  recently  carried  out  a  detailed  electron  microscopic  study  of  the  subsynaptic 
localization  of  group  I  mGluRs  (mGluRla  and  mGluR5)  in  GPe  and  GPi  of  monkeys  (Hanson 
and  Smith,  1999;  Smith  et  al.,  2000a).  These  data  indicate  that  both  receptor  subtypes  are  largely 
expressed  postsynaptically  in  neuronal  elements  including  dendrites  and  perikarya.  At  the 
subsynaptic  level,  mGluRla  and  mGluR5  immunoreactivities  are  found. at  the  &dges  of 
asymmetric  postsynaptic  specializations  of  putative  glutamatergic  synapses  (Fig.  5B-C);  a 
pattern  of  labelling  consistent  with  that  found  in  the  rat  cerebellum  and  hippocampus  (Nusser  et 
al.,  1994;  Lujan  et  al.,  1996;  Ottersen  and  Landsend,  1997).  However,  a  surprising  observation 
was  a  strong  mGluRla  and  mGluR5  labelling  associated  with  the  core  of  symmetric  synapses 
established  by  putative  GABAergic  striatal  terminals  (Hanson  and  Smith,  1999)  (Fig.  5A,C).  A 
large  proportion  of  group  I  mGluR  labelling  was  also  found  at  extrasynaptic  sites  along  the 
dendrites  of  GPe  and  GPi  neurons.  These  observations  raise  questions  about  the  potential  sources 
of  glutamate  that  activates  these  receptors  and  their  functional  significance  at  GABAergic 
synapses  (see  below). 

To  our  knowledge,  the  distribution  of  group  III  mGluRs  has  not  yet  been  studied  in  the 
primate  pallidum.  However,  data  in  rodents  indicate  that  mGluR4a  and  mGluR7a,b  are  expressed 
pre-synaptically  in  striatopallidal  terminals  where  they  may  modulate  GABA  release  from  the 
striatum  (Kinoshita  et  al.,  1998;  Bradley  et  al.,  1999;  Kosinki  et  al.,  1999).  The  fact  that 
mGluR4a  is  selectively  expressed  on  striatopallidal,  but  not  striatonigral,  terminals  makes  it  an 
ideal  target  to  reduce  GABA  release  from  the  overactive  striatopallidal  projection  in  Parkinson’s 
disease. 

GABA-A  Receptors 

Overall,  the  density  of  BZ  binding  sites  in  the  primate  globus  pallidus  is  much  lower  than 
in  the  striatum  and  restricted  to  BZI  receptor  subtypes  (Faull  and  Villiger,  1988;  Waldvogel  et 
al.,  1998;  1999).  The  level  of  binding  is  relatively  higher  in  the  ventral  pallidum  than  the  dorsal 
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pallidum,  and  more  prominent  in  GPe  than  in  GPi  (Faull  and  Villiger,  1988;  Waldvogel  et  al., 
1998;  1999).  Differential  changes  in  binding  intensity  between  the  two  pallidal  segments  were 
found  in  postmortem  brains  of  Huntington’s  patients.  Whereas  the  GPe  shows  an  increased 
binding  at  the  very  early  stage  of  the  disease,  the  GPi  is  much  more  strongly  labelled  than  GPe  in 
advanced  grades  of  Huntington’s  disease  (Glass  et  al.,  2000).  These  data  are  consistent  with 
previous  findings  showing  that  striato-GPe  neurons  degenerate  before  striato-GPi  neurons  in 
Huntington’s  patients  (see  Vonsatell  and  DiFiglia,  1998  for  a  review).  The  increased  GABA-A 
binding  sites  might  reflect  a  compensatory  mechanism  for  the  decrease  in  GABA  release  due  to 
striatal  cell  death.  Changes  in  pallidal  BZ  binding  sites  were  also  noticed  in  animal  models  of 
Parkinson’s  disease.  MPTP-treated  monkeys  show  an  increased  level  of  GABA/BZ  binding  in 
the  GPi  which  could  be  reversed  by  treatment  with  the  long  acting  D2  receptor  agonist, 
cabergoline,  but  not  by  the  D1  receptor  agonist,  SKF  82958  (Robertson  et  al.,  1990;  Calon  et  al., 
1995;  1999).  In  contrast,  the  density  of  GABA/BZ  binding  sites  is  decreased  in  GPe  after  MPTP 
treatment  (Griffiths  et  al.,  1990;  Robertson  et  al.,1990).  This  up-  and  downregulation  of  GABA- 
A  receptors  in  GPi  and  GPe,  respectively,  is  consistent  with  the  current  functional  model  of 
basal  ganglia  circuitry  which  suggests  that  the  activity  of  the  “so-called”  direct  striato-GPi 
pathway  is  decreased  in  Parkinson’s  disease  whereas  the  activity  of  the  “indirect”  striato-GPe 
projection  is  increased  (Albin  et  al.,  1989;  DeLong,  1990). 

As  expected,  based  on  their  strong  GABAergic  innervation  from  the  striatum  (Shink  and 
Smith,  1995),  pallidal  neurons  are  enriched  in  various  GABA-A  receptor  subunits  in  primates 
and  non-primates  (Zhang  et  al.,  1981;  Fritschy  and  Mohler,  1995;  Charara  and  Smith,  1998; 
Kultas-Ilinsky  et  al.,  1998;  Waldvogel  et  al.,  1998,  1999).  Using  double  labeling 
immunofluorescence  techniques,  Waldvogel  et  al  (1999)  studied  the  expression  of  various 
GABA-A  receptor  subunits  in  chemically  characterized  neurons  in  the  human  pallidum.  Their 
main  findings  are:  (1)  Pallidal  neurons  are  devoid  of  a2  subunit  immunoreactivity,  (2) 
GABAergic  pallidal  neurons  immunoreactive  for  parvalbumin  and  a  subpopulation  of  strongly 
immunoreactive  calretinin  (CR)-containing  neurons  express  high  levels  of  al,  a3,  (32/3  and  y2 
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immunoreactivity  and  (3)  a  subpopulation  of  pallidal  neurons  which  display  very  intense  CR 
immunoreactivity  express  al,  (32/3  and  y2  subunit  immunoreactivides.  Findings  in  monkeys  are 
consistent  with  those  data  except  that  the  a2  mRNA  is  expressed  at  a  moderate  level  in  GPe  and 
GPi  neurons  in  non-human  primates  (Kultas-Ilinsky  et  al.,  1998).  The  lack  of  a2  subunit  in 
pallidal  neurons  seems  to  be  a  feature  unique  to  the  human  pallidum  since  GP  neurons  also 
display  a2  immunoreactivity  in  rats  (Fritschy  and  Mohler,  1995).  It  is  worth  noting  that  monkey 
pallidal  neurons  also  express  moderate  to  high  level  of  a4  and  5  subunit  mRNAs,  but  are  devoid 
of  yl  subunit  (Kultas-Ilinsky  et  al.,  1998).  The  pi  subunit  mRNA  is  expressed  at  a  low  level  in 
GPe  but  is  not  detectable  in  the  monkey  GPi  (Kultas-Ilinsky  et  al.,  1998).  The  subcellular 
localization  of  al  and  P2/3  subunit  immunoreactivity  has  been  studied  at  the  electron 
microscope  level  using  pre-embedding  immunoperoxidase  methods  (Charara  and  Smith,  1998; 
Waldvogel  et  al.,  1998).  Both  antibodies  resulted  in  intense  labeling  of  the  plasma  membrane  of 
GPe  and  GPi  neurons.  In  some  cases,  aggregates  of  peroxidase  reaction  product  were  associated 
with  symmetric  and  asymmetric  post-synaptic  specializations  (Waldvogel  et  al.,  1998), 
suggesting  the  existence  of  GABA-A  receptor  subunits  at  both  GABAergic  and  putative 
glutamatergic  synapses.  Strong  labeling  was  also  found  at  non-synaptic  sites  along  the  plasma 
membrane.  To  further  characterize  the  subsynaptic  localization  of  the  GABA-A  receptor 
subunits  in  the  monkey  pallidum,  we  started  a  series  of  electron  microscopic  post-embedding 
immunogold  studies  of  al,  P2/3  and  y2  subunits  immunoreactivity  in  rhesus  monkeys.  So  far, 
our  data  indicate  that  the  al  and  P2/3  subunit  immunoreactivity  is  confined  to  the  main  body  of 
symmetric  synapses  (Figs.  6A,7),  which  is  consistent  with  recent  data  in  rodents  using  the  same 
approach  (Fujiyama  et  al.,  1998). 

GABA-B  Receptors 

Low  to  moderate  levels  of  GABA-B  binding  sites  are  expressed  in  both  pallidal  segments 
in  normal  monkeys  (Ambardekar  et  al.,  1999;  Bowery  et  al.,  1999).  After  MPTP  treatment,  the 
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level  of  GABA-B  receptors  is  significantly  increased  in  GPi,  but  no  changes  are  seen  in  GPe, 
striatum  and  SNr  (Calon  et  ah,  2000).  The  increase  in  GPi  is  not  affected  by  treatment  with  D1 
dopamine  receptor  agonist,  but  is  partly  reversed  by  cabergoline,  a  potent  D2  dopamine  receptor 
agonist  (Calon  et  ah,  2000). 

Recent  immunohistochemical  studies  revealed  the  existence  of  both  GABA-BR1  and 
GABA-BR2  receptors  immunoreactivity  in  virtually  all  pallidal  neurons  in  humans  (Billinton  et 
ah,  2000)  and  monkeys  (Charara  et  ah,  2000a, b).  Overall,  the  pattern  of  both  GABA-B  receptor 
subtypes  is  the  same  throughout  GPe  and  GPi  except  that  the  intensity  of  labelling  for  GABA- 
BR1  is  much  stronger  than  that  of  GABA-BR2. 

At  the  electron  microscope  level,  GABA-BR1  and  GABA-BR2  immunoreactivity  is 
enriched  in  post-synaptic  neuronal  elements  including  perikarya  and  dendritic  shafts  of  various 
sizes  (Charara  et  ah,  200aa,b).  At  the  subsynaptic  level,  GABA-BR1  immunoreactivity  is 
commonly  found  in  the  main  body  of  symmetric  synapses  established  by  striatal-like 
GABAergic  terminals  in  both  GPe  and  GPi  or  at  the  edges  of  asymmetric  post-synaptic 
specializations  of  axo-dendritic  synapses  (Figs.  6  B-C,  7).  Extrasynaptic  labeling  is  also  detected 
in  neuronal  perikarya  and  dendrites.  The  most  striking  feature  of  GABA-BR1  and  GABA-BR2 
immunoreactivity  in  the  GPe  and  GPi  is  the  pre-synaptic  labeling  of  numerous  unmyelinated 
axonal  segments  and  putative  STN-like  glutamatergic  terminals  forming  asymmetric  synapses 
(Charara  et  ah,  2000a, b)  (Figs.  6D,  7),  suggesting  that  GABA-B  act  as  heteroreceptors  to 
modulate  glutamate  release  in  the  globus  pallidus.  Another  population  of  lightly  labeled 
terminals  that  display  the  ultrastructural  features  of  striatal  boutons  and  form  symmetric  axo¬ 
dendritic  synapses  also  display  GABA-BR1  and  GABA-BR2  immunoreactivity  in  both  pallidal 
segments. 
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GLUTAMATE  AND  GABA  RECEPTORS  IN  THE  SUBTHALAMIC  NUCLEUS 

Ionotropic  and  Metabotropic  Glutamate  Receptors 

Very  little  is  known  about  ionotropic  glutamate  receptor  localization  in  the  primate  STN. 
Binding  studies  indicate  that  NMDA,  AMPA  and  kainate  receptors  are  expressed  at  a  low  to 
moderate  level  in  this  brain  region  in  humans  (Lee  and  Choi,  1992;  Ball  et  al.,  1994). 
Immunocytochemical  studies  revealed  the  existence  of  strong  neuronal  labeling  for  the  AMPA 
GluRl  subunit  in  monkeys  (Ciliax  et  al.,  1997).  Nigrostriatal  dopaminergic  denervation  does  not 
induce  significant  changes  in  GluRl  protein  expression  in  STN  neurons  of  MPTP-treated 
monkeys  (Betarbet  et  al.,  2000).  Although  immunohistochemical  studies  of  other  ionotropic 
glutamate  receptor  subunits  have  not  been  carried  out  in  the  primate  STN,  data  in  rodents 
indicate  that  various  types  of  NMDA,  AMPA  and  kainate  receptor  subunits  are  expressed  in  this 
brain  structure  (Petralia  and  Wenthold,  1992;  Petralia  et  al.,  1994a, b;  Standaert  et  al.,  1994; 
Bishoff  et  al.,  1997).  At  the  subsynaptic  level,  AMPA  and  NMDA  receptor  subunits  are  co¬ 
expressed  in  the  core  of  asymmetric  synapses,  though  some  of  the  AMPA  GluR2/3 
immunoreactivity  is  also  associated  with  non-synaptic  sites  and  symmetric  synaptic  junctions  in 
rats  (Clarke  and  Bolam,  1998).  Such  information  has  not  yet  been  gathered  in  primates. 

Group  I  and  group  II  mGluRs  are  expressed  in  the  primate  STN.  Immunoreactivity  for 
mGluR2  is  far  less  intense  in  the  STN  than  other  parts  of  the  basal  ganglia  in  humans  (Phillips  et 
al.,  2000).  This  is  surprising  since  STN  neurons  show  high  level  of  mGluR2  mRNA  expression 
in  the  rat  (Testa  et  al.,  1994).  Although  neuronal  perikarya  are  lightly  labeled,  the  neuropil  of  the 
STN  displays  strong  immunoreactivity  for  both  mGluRla  and  mGluR5  in  monkeys.  At  the 
electron  microscope  level,  both  group  I  mGluRs  are  found  almost  exclusively  in  post-synaptic 
elements.  Immunogold  particles  are  commonly  found  at  the  edges  of  symmetric  arid  asymmetric 
post-synaptic  specializations  (Fig.  8A,C).  Interestingly,  labelling  is  also  found  at  the  edges  of 
puncta  adherentia  between  putative  GABAergic  GPe  terminals  and  STN  dendrites  (Fig.  8D).  In 
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some  cases,  gold  particles  are  also  associated  with  the  main  body  of  “en  passant  type”  symmetric 
synapses  established  by  vesicle-filled  axon-like  processes  or  at  adherent  junctions  between 
putative  glial  processes  and  neuronal  structures  (Fig.  8B,D).  Extrasynaptic  labeling  is  frequently 
found  for  both  receptor  subtypes.  The  group  III  mGluRs  localization  has  not  been  studied  in 
primates,  but  in  situ  hybridization  and  immunocytochemical  data  indicate  that  the  mGfuR4  and 
mGluR7  expression  is  very  low  in  the  rat  STN  (Ohishi  et  al.,  1995;  Bradley  et  al.,  1999;  Kosinki 
et  al.,  1999) 

Ionotropic  and  Metabotropic  GABA  Receptors 

In  the  monkey,  STN  neurons  express  high  level  of  mRNA  for  the  al,  a3,  (32,  (33,  y2  and 
8  subunits  of  the  GABA-A  receptors,  but  are  devoid  of  a2,  a4,  |3l  and  yl  subunits  (Kultas- 
Ilinsky  et  al.,  1998).  A  recent  study  showed  that  the  human  STN  is  particularly  enriched  in  the  e 
subunit  (Davies  et  al.,  1997).  Although  STN  neurons  also  display  strong  immunoreactivity  for 
various  GABA-A  receptor  subunits  in  rats  and  monkeys  (Zhang  et  al.,  1991;  Wisden  et  al.,  1992; 
Fritschy  and  Mohler,  1995;  Charara  and  Smith,  1998),  there  is  some  discrepancy  between 
rodents  and  primates  regarding  the  type  of  GABA-A  receptor  subunits  expressed  in  this  nucleus. 
For  instance,  the  a2  subunit  immunoreactivity  is  abundant  in  rat  STN  neurons  whereas  the 
mRNA  encoding  this  subunit  is  not  detectable  in  the  monkey  STN.  In  contrast,  the  5  subunit 
mRNA  is  abundant  in  the  monkey  STN  but  the  immunoreactivity  for  this  protein  does  not  reach 
a  detectable  level  in  rats  (Fritschy  and  Mohler,  1995).  Whether  these  data  indicate  a  real  species 
difference  in  the  subunit  composition  of  GABA-A  receptors  between  rodents  and  primates 
remains'to  be  established. 

STN  neurons  display  low  to  moderate  immunoreactivity  for  GABA-BR1  and  GABA- 
BR2  subtypes  in  monkey  and  human  STN  (Billinton  et  al.,  2000;  Charara  et  al.,  2000a, b).  At  the 
electron  microscope  level,  both  receptor  subtypes  are  expressed  post-synaptically  on  dendrites  of 
STN  neurons  and  pre-synaptically  in  putative  glutamatergic  axon  terminals  in  monkeys  (Charara 
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et  al.  2000a, b)  (Fig.  8E).  As  was  found  in  other  basal  ganglia  structures,  the  GABA-BR2 
immunoreactivity  is  far  less  intense  than  the  GABAR1  immunostaining  in  the  STN  (Charara  et 
al.,  2000a, b).  Together,  these  data  indicate  that  both  GABA-A  and  GABA-B  receptors  are  likely 
to  mediate  postsynaptic  inhibition  by  GPe  in  STN  neurons.  In  addition,  GABA-B  receptors  may 
also  control  the  activity  of  STN  neurons  by  presynaptic  inhibition  of  neurotransmittef  release 
from  extrinsic  and/or  intrinsic  glutamatergic  terminals. 

GLUTAMATE  AND  GABA  RECEPTORS  IN  THE  SUBSTANTIA  NIGRA 

Ionotropic  and  Metabotropic  Glutamate  Receptors  in.  Midbrain  Dopaminergic  Neurons 

Glutamate  plays  a  major  role  in  controlling  the  firing  rate  and  firing  pattern  of  midbrain 
dopaminergic  neurons  in  rats  (Grace  and  Bunney,  1984;  Smith  and  Grace,  1992).  On  the  other 
hand,  glutamate  may  also  become  excitotoxic  to  dopaminergic  neurons  in  Parkinson’s  disease. 
Although  the  exact  mechanisms  underlying  this  excitotoxic  phenomenon  still  remains  to  be 
established,  there  is  increasing  evidence  that  an  intracellular  rise  in  calcium  via  NMDA  receptor 
activation  might  be  involved  (Blandini  et  al.,  1996).  If  such  is  the  case,  one  would  expect 
neurons  in  the  ventral  tegmental  area  (VTA)  and  dorsal  tier  of  the  SNc,  which  are  less  sensitive 
to  neurodegeneration  in  PD,  to  express  a  lower  level  of  Ca+2-permeable  NMDA  receptors  than 
the  highly  sensitive  ventral  tier  SNc  neurons.  Recent  in  situ  hybridization  data  in  humans 
indicate  that  such  is  not  the  case  (Counihan  et  al.,  1998).  The  levels  of  NMDAR1  and  NMDAR2 
(a-d)  subunit  mRNAs  are  not  significantly  different  between  the  various  midbrain  dopaminergic 
cell  grohps,  except  that  neurons  of  the  pars  lateralis  express  a  slightly  higher  level  of  labelling 
for  all  NMDA  receptor  subunits  examined  (Counihan  et  al.,  1998).  These  data  also  show  that  the 
NMDAR2D  is,  by  far,  the  most  abundant  NMDAR2  subunit  expressed  in  the  different  subgroups 
of  SNc  neurons.  On  the  other  hand,  data  in  squirrel  monkeys  demonstrate  that  the  NMDAR1 
subunit  mRNA  expression  is  significantly  higher  in  ventral  tier  SNc  neurons  than  in  the  dorsal 
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tier  of  the  SNc  and  VTA  (Paquet  et  al.,  1997).  Similarly,  the  AMPA  GluR2  subunit  is  more 
abundant  in  ventral  than  dorsal  SNc  neurons  whereas  the  GluRl  subunit  is  homogeneously 
distributed  among  midbrain  dopaminergic  cell  groups  (Paquet  et  al.,  1997).  These  mRNA  data 
are  consistent  with  immunohistochemical  findings  showing  that  SNc  and  VTA  dopaminergic 
neurons  display  moderate  to  strong  immunoreactivity  for  the  NMDAR1  and  the  AMPA' '(GluRl, 
GluR2/3  and  GluR4)  glutamate  receptor  subunits  in  monkeys  (Paquet  et  al.,  1997).  However, 
SNc/VTA  neurons  are  almost  completely  devoid  of  NMDAR2  A/B  immunoreactivity,  which  is 
in  line  with  recent  rodent  data  (Standaert  et  al.,  1994;  Albers  et  al.,  1999).  At  the  subcellular 
level,  the  GluRl,  GluR2/3  and  NMDAR1  immunoreactivity  is  mostly  associated  with 
postsynaptic  elements,  though  a  small  number  of  preterminal  axons,  axon  terminals  and  glial  cell 
processes  are  also  labelled  (Paquet  et  al.,  1997). 

Both  group  I  mGluR  subtypes  (mGluRla  and  mGluR5)  are  expressed  in  midbrain 
dopaminergic  neurons  in  monkeys.  Analysis  of  immunogold  labelling  at  the  electron 
microscopic  level  revealed  that  both  receptor  subtypes  are  mostly  expressed  postsynaptically:  (1) 
at  the  edges  of  asymmetric  post-synaptic  specializations  (Fig.  9A),  (2)  in  the  main  body  of 
symmetric,  putative  GABAergic,  synapses  (Fig.  9B)  and  (3)  extrasynaptically  along  the  neuronal 
plasma  membrane.  A  major  difference  between  the  subcellular  distribution  of  mGluR5  and 
mGluR  la  immunoreactivity  is  that  a  large  part  of  mGluR  la  labelling  is  bound  to  the  plasma 
membrane  whereas  most  mGluR5  immunostaining  is  intracellular.  This  differential  distribution 
seems  to  be  a  common  feature  for  the  two  group  I  mGluR  subtypes  in  both  SNr  and  SNc  in  rats 
and  monkeys  (Hubert  et  al.,  1999).  The  functional  significance  of  this  large  internalized  pool  of 
mGluR5  under  basal  conditions  remains  to  be  established.  The  dopaminergic  neurons  do  not 
show  any  detectable  mGluR2  immunoreactivity  in  the  human  substantia  nigra  (Phillips  et  al., 
2000).  Although  group  III  mGluR  localization  has  not  been  studied  in  the  primate  SN,  recent 
data  indicate  that  both  SNc  and  SNr  neurons  do  not  express  detectable  levels  of  mGluR4  and 
mGluR7  immunoreactivity  or  mRNAs  in  rats  (Ohishi  et  al.,  1995;  Bradley  et  al.,  1999;  Kosinki 
etal.,  1999). 
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GAB  A- A  and  GABAzB  Receptors,  in  Midbrain  Dopaminergic  Neurons 

Midbrain  dopaminergic  neurons  in  the  SNc  express  varying  degrees  of  GABA-A 
receptor  subunits  in  monkeys.  The  al  and  a2  subunits  are  expressed  at  a  low  level  whereas  the 
a3,  a4,  pi,  P2,  (33,  y2  and  5  are  much  more  abundant.  It  is  worth  noting  that  only  SNc  neurons 
express  the  f3l  subunit  mRNA  in  monkey  basal  ganglia  (Kultas-Ilinsky  et  al.,  1998).  As  is  the 
case  for  most  basal  ganglia  structures,  SNc  neurons  do  not  express  a  detectable  level  of  yl 
subunit  mRNA. 

The  SNc  displays  the  highest  GABA-B  receptor  binding  site  densities  in  the  monkey 
basal  ganglia  (Ambardekar  et  al.,  1999)  and  expresses  strong  and  moderate  GABA-B  R1  and 
GABA-B  R2  immunoreactivity,  respectively  (Billinton  et  al.,  2000;  Charara  et  al.,  2000a, b). 
MPTP  lesion  of  dopaminergic  neurons  results  in  a  significant  loss  of  GABA-B  binding  sites  in 
the  monkey  SNc,  suggesting  that  GABA-B  receptors  are  largely  expressed  on  SNc  neurons 
(Calon  et  al.,  2000).  At  the  electron  microscopic  level,  immunoreactivity  for  both  GABA-B 
receptor  subtypes  is,  indeed,  largely  found  postsynaptically  in  neuronal  perikarya  and  dendrites. 
Rare  pre-terminal  axons  and  terminal  boutons  forming  asymmetric  synapses  are  occasionally 
labelled  (Charara  et  al.,  2000a, b)  (Fig.  9C). 

Ionotropic  and  Metabotropic  Glutamate  Receptors,  in  SNr  GABAergjc  Neurons 

The  pattern  of  distribution  of  ionotropic  glutamate  receptors  in  SNr  neurons  is  similar  to 
that  seen  in  the  globus  pallidus.  Furthermore,  as  is  found  in  the  monkey  GPi,  the  expression  of 
the  AMPA  receptor  subunit,  GluRl,  is  downregulated  in  SNr  neurons  of  parkinsonian  monkeys 
(Betarbet  et  al.,  2000). 

GABA-A  and  GABAzB  Receptors  in  SNr  GABAergjc  Neurons 
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The  pattern  of  GABA-A/BZ  binding  sites  in  the  SNr  and  the  expression  of  GABA-A 
receptor  subunits  is  largely  similar  to  that  in  the  globus  pallidus  (Robertson  et  al.,1989)  (see 
above),  except  for  the  expression  of  the  a4  subunit  mRNA  which  is  abundant  in  GPi  but  not 
detectable  in  the  monkey  SNr  (Kultas-Ilinsky  et  al.,  1998).  Following  MPTP  treatment,  a 
significant  increase  in  GABA-A/BZ  binding  sites  is  observed  in  the  monkey  SNr  (Robertson  et 
al.,  1989),  which  is  consistent  with  the  hypothesis  that  the  “direct”  striatonigral  GABAergic 
pathway  is  underactive  in  Parkinson’s  disease  (DeLong,  1990).  Although  a  detailed  electron 
microscopic  analysis  of  the  subsynaptic  localization  of  these  receptors  has  not  yet  been  carried 
out  in  primates,  recent  immunogold  data  indicate  that  the  bulk  of  GABA-A  receptor  subunits  are 
expressed  in  the  core  of  symmetric  striatonigral  synapses  in  rats  (Fujiyama  et  al.,  1998). 

In  general,  the  SNr  displays  a  low  level  of  GABA-B  receptor  binding  sites  (Ambardekar 
et  al.,  1999)  and  is  lightly  labelled  with  GABA-BR1  and  GABA-BR2  receptor  antibodies  in 
monkeys  (Charara  et  al.,  2000a, b)  and  humans  (Billinton  et  al.,  2000).  No  change  in  GABA-B 
receptor  binding  is  seen  in  the  SNr  following  MPTP  treatment  (Calon  et  al.,  2000).  The  pattern 
of  subcellular  distribution  of  GABA-B  receptor  subtypes  in  the  monkey  SNr  resembles  that  seen 
in  the  globus  pallidus,  i.e.  dendrites  and  many  preterminal  unmyelinated  axons  as  well  as  a 
population  of  STN-like  terminals  forming  asymmetric  synapses  display  GABA-BR1  and  GABA- 
BR2  immunoreactivity  (Charara  et  al.,  2000a, b)  (Fig.  9D).  Another  population  of  striatal-like 
boutons  display  immunoreac.tivity  for  both  receptor  subtypes  (Charara  et  al.,  2000a, b). 

POTENTIAL  SOURCES  OF  ACTIVATION  OF  METABOTROPIC  RECEPTORS 

One  of  the  main  features  which  characterizes  the  subsynaptic  localization  of 
metabotropic  glutamate  and  GABA  receptors  is  their  strong  expression  at  non-synaptic  sites.  In 
fact,  this  pattern  of  distribution  was  also  found  for  other  types  of  G-protein-coupled  receptors 
such  as  dopamine,  muscarinic  and  opiate  receptors  (Yung  et  al.,  1995;  Svingos  et  al.,  1997; 


Smith  et  al. 


GABA  and  Glutamate  Receptors  in  Basal  Ganglia 


37 


Bernard  et  al.,  1998,  Muriel  et  al.,  1999).  These  data  suggest  that  extrasynaptic  spillover  of 
neurotransmitter  or  neuropeptides  might  be  a  common  mechanism  to  activate  G  protein-coupled 
receptors  in  the  CNS. 

One  of  the  most  surprising  findings  presented  in  this  review  was  the  localization  of  group 
I  mGluRs  at  putative  GABAergic  striatal  synapses  in  GPe,  GPi  and  SNr  (Hanson  and  Smith, 
1999).  This  raises  questions  about  the  sources  of  activation  and  potential  functions  of  these 
receptors  at  GABAergic  synapses.  A  first  possible  source  of  glutamate  might  be  the  spillover  of 
transmitter  released  from  glutamatergic  terminals.  Extrasynaptic  diffusion  of  glutamate  to 
activate  AMPA  and  NMDA  receptors  was,  indeed,  demonstrated  in  the  rat  hippocampus  and 
cerebellum  (Asztely  et  al.,  1997;  Barbour  and  Hausser,  1997;  Kullmann  and  Asztely,  1998; 
Dzubay  and  Jahr,  1999).  Since  mGluRs  display  a  stronger  affinity  for  glutamate  than  ionotropic 
receptors  (Conn  and  Pin,  1997),  it  is  likely  that  even  a  small  amount  of  spilled  over 
neurotransmitter  is  enough  to  induce  mGluRs  activation.  Another  possibility  is  that  glutamate 
released  from  astrocytes  activates  mGluRs  located  at  symmetric  synapses  and,  possibly,  those 
located  extrasynaptically.  Data  obtained  over  the  past  few  years  showing  that  astrocytes  express 
various  ion  channels  and  contain  glutamate  receptors  (Sontheimer  et  al,  1996;  Steinhauser  and 
Gallo,  1996;  Verkhratsky  and  Kettenmann,  1996;  Porter  and  McCarthy,  1997;  Carmignoto  et  al., 

1998) ,  have  shifted  the  traditional  concept  of  astrocytes  as  simple  structural  support  for  neurons 
to  a  view  in  which  glial  cells  play  a  more  active  role  in  information  processing  and  neuronal 
communication  in  the  central  nervous  system  (Parpura  et  al.,  1994;  Antanitus,  1998).  It  is  well 
established  that  neuronal  stimulation  induces  waves  of  elevated  intracellular  calcium  which 
propagate  between  glial  cells  and  lead  to  glutamate  release  (Parpura  et  al.,  1994;  Araque  et  al., 

1999) .  A  third  possibility  is  that  striatal  terminals,  under  certain  circumstances,  release  excitatory 
amino  acids.  Although  this  is  not  consistent  with  the  current  view  of  neurotransmission  at 
striatofugal  synapses,  indirect  evidence  suggests  that  striatal  neurons  may  co-express,  and 
possibly  co-release,  GABA  and  glutamate  as  neurotransmitters.  First,  striatopallidal  neurons 
possess  a  high-affinity  uptake  system  for  glutamate  and  aspartate  (White  et  al.,  1994).  Second, 
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excitatory  post-synaptic  currents  sensitive  to  the  glutamate  antagonist  CNQX  are  found  in 
cultures  consisting  only  of  dissociated  striatal  neurons  (Dubinsky,  1989).  Third,  in  vivo 
stimulation  of  the  caudate  nucleus  produces  a  combination  of  excitatory  (EPSPs)  and  inhibitory 
(IPSPs)  post-synaptic  potentials  in  the  rat  globus  pallidus  (Levine  et  al.,  1974;  Kita  and  Kitai, 
1991).  Although  these  excitatory  effects  can  be  attributed  to  activation  of  axons  extrinsic  to  the 
striatum  or  multisynaptic  pathways,  they  might  also  originate  from  intrinsic  striatal  neurons. 
Even  if  co-release  of  fast  neurotransmitters  such  as  glutamate  and  GABA  is  clearly  not  a 
common  feature  in  the  CNS,  the  synaptic  co-release  of  GABA  and  glycine  was  shown  in  the 
spinal  cord  (Jonas  et  al.,  1998).  Furthermore,  Jo  and  Schlichter  (1999)  recently  showed  that  the 
fast  excitatory  neurotransmitter  ATP  is  co-released  with  the  inhibitory  neurotransmitter  GABA 
at  individual  synapses  in  cultured  spinal  neurons.  If  glutamate,  indeed,  activates  mGluRs  at 
GABAergic  synapses,  it  is  likely  that  the  post-synaptic  mGluR  responses  regulate  GABA 
currents  in  pallidal  neurons  either  by  changing  membrane  excitability  through  modulation  of 
calcium  and  potassium  channels  (Conn  and  Pin",  1997)  or  via  direct  physical  interactions  with 
GABA-A  or  GABA-B  receptors  as  was  recently  shown  in  vitro  for  dopamine  D5  and  GABA-A 
receptors  (Liu  et  al.,  2000).  Modulatory  effects  of  GABAergic  transmission  by  mGluRs  were 
shown  in  various  brain  regions  in  the  rat  including  the  spinal  cord,  the  nucleus  of  the  solitary 
tract,  the  substantia  nigra  pars  compacta  and  the  hippocampus  (Glaum  and  Miller,  1993;  1994; 
Bonci  et  al.,  1997;  Morishita  et  al.,  1998). 

Another  surprising  observation  made  in  our  studies  was  the  localization  of  pre-  and 
postsynaptic  GABA-BR1  and  GABA-BR2  receptors  immunoreactivity  associated  with  putative 
glutamatergic  terminals.  That  axo-axonic  synapses  are  very  rare  in  the  basal  ganglia  rule  out  the 
hypothesis  of  direct  synaptic  release  of  GABA  to  activate  these  receptors.  Another  possibility 
would  be  that,  once  released,  GABA  diffuses  out  of  the  synaptic  cleft  and  activates  extra-  and 
presynaptic  GABA-B  heteroreceptors  (Attwell  et  al.,  1993).  Evidence  for  such  a  paracrine  mode 
of  GABA-B  receptor  activation  was,  indeed,  demonstrated  in  the  rat  hippocampus  (Isaacson  et 
al.,  1993).  The  efficacy  of  such  a  non-specific  mode  of  transmission  largely  depends  on  the 
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extent  to  which  GABA  can  diffuse  and  the  affinity  of  GABA-B  receptors  for  its  transmitter. 
Although  such  information  is  still  lacking  for  basal  ganglia  structures,  it  is  worth  noting  that 
presynaptic  GABA-B  receptors  were  found  to  have  a  much  higher  affinity  for  GABA  than 
GABA-A  receptors  in  the  rat  hippocampus  (Yoon  and  Rothman,  1991). 

METABOTROPIC  GLUTAMATE  AND  GABA-B  RECEPTORS:  NOVEL 
THERAPEUTIC  TARGETS  FOR  PARKINSON’S  DISEASE 

An  imbalance  of  activity  between  the  direct  and  indirect  striatofugal  pathways  in  favor  of 
the  indirect  pathway  is  thought  to  underlie  most  symptoms  of  Parkinson’s  disease  (DeLong, 
1990).  The  increased  activity  of  the  glutamatergic  subthalamopallidal  and,  possibly, 
corticostriatal  projections  in  animal  models  of  Parkinson’s  disease  led  various  groups  to  test  the 
potential  therapeutic  benefits  of  ionotropic  glutamate  receptor  antagonists  in  alleviating 
parkinsonian  symptoms  (see  Starr,  1995;  Blandini  and  Greenamyre,  1996  for  reviews).  Systemic 
administration  of  NMDA  and  non-NMDA  antagonists  with  subthreshold  doses  of  L-DOPA  or 
D2  dopamine  receptor  agonist  has  proven  to  ameliorate  symptoms  in  primate  models  of 
Parkinson’s  disease  (Starr,  1995;  Blandini  et  al.,  1996).  Data  reported  in  this  review  strongly 
suggest  that  interactions  with  metabotropic  glutamate  and  GABA-B  receptors  may  also  have 
beneficial  effects  m  Parkinson’s  disease.  Drugs  interacting  with  these  receptors  are  expected  to 
influence  the  induction  and  progression  of  the  symptoms  of  the  disease  without  hampering  the 
efficiency  of  fast  glutamatergic  and  GABAergic  synaptic  transmission,  thereby,  reducing 
unwanted  side  effects  commonly  seen  with  drugs  that  target  ionotropic  receptors  (Starr,  1995). 

The  group  I  mGluRs  located  perisynaptically  at  STN  synapses  in  GPe  and  GPi  should  be 
considered  as  a  potential  target  in  PD  because  the  perisynaptic  mGluRla  and  mGluR5  are  likely 
to  be  activated  by  excessive  amounts  of  glutamate  released  during  hyperactivity  of 
subthalamopallidal  synapses  in  parkinsonians.  Group  I  mGluR  activation  might,  then,  lead  to 
increased  activity  of  basal  ganglia  output  neurons  through  various  mechanisms  including 
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potentiation  of  ionotropic  glutamatergic  transmission,  reduction  of  K+ conductances  etc., ..(see 
Conn  and  Pm,  1997  for  details).  Group  I  mGluR  antagonists  should,  therefore,  reduce  the  over- 
excitatory  drive  generated  by  the  STN  in  pallidal  neurons. 

Based  on  rodent  data,  activation  of  the  group  III  mGluRs,  mGluR4,  seems  to  be  an  ideal 
strategy  to  alleviate  symptoms  of  Parkinson’s  disease.  It  is  well  established  that  activation  of 
presynaptic  group  III  mGluRs  reduces  neurotransmitter  release  in  the  hippocampus  (Conn  and 
Pin,  1997).  If  such  is  also  the  case  in  GP,  activation  of  these  receptors  in  parkinsonians  should 
reduce  the  activity  of  the  overactive  indirect  pathway  by  reducing  GABA  release  at 
striatopallidal  synapses,  thereby  inhibiting  subthalamopallidal  neurons  which,  in  turn,  relieve 
basal  ganglia  output  neurons  in  GPi  and  SNr  from  their  tonic  excitatory  drive.  The  final  outcome 

of  such  therapy  should  be  an  increased  activity  of  thalamocortical  neurons  and  facilitation  of 
motor  behaviors. 

Another  mGluR  subtype  of  interest  for  PD  therapy  is  mGluR2,  which  was  found  to  be 
expressed  on  subthalamonigral  terminals  in  rats' (Bradley  et  al.,  2000).  Furthermore,  activation 
of  these  receptors  in  brain  slices  reduces  glutamatergic  transmission  at  subthalamonigral 
synapses  (Bradley  et  al.,  2000)  and  systemic  administration  of  group  II  agonist  reverses 
haloperidol-induced  catalepsy  (Bradley  et  al.,  2000). 

So  far,  only  a  few  specific  agents  for  group  II  (LY354740  and  LY379268)  and  group  I 
(MPEP)  mGluRs  were  found  to  produce  central  pharmacological  actions  when  administered 
systemically  in  animals  (Helton  et  al.,  1998;  Moghaddam  and  Adams,  1998;  Bordi  and  Ugolini, 
1999;  Schoepp  et  al.,  1999).  However,  the  potential  therapeutic  benefit  of  such  agents  will  likely 

drive  the  development  of  additional  compounds  that  could  be  administered  systemically  for 
novel  medical  purposes. 

The  expression  of  GABA-B  receptors  in  subthalamopallidal  and  subthalamonigral 
terminals  (Charara  et  ah,  2000a,b)  suggests  that  activation  of  these  pre-synaptic  heteroreceptors 
might  attenuate  the  overflow  of  glutamate  released  by  STN  neurons  in  Parkinson's  disease.  In 
support  of  this  hypothesis,  application  of  baclofen  was  found  to  reduce  the  evoked  synaptic 


Smith  et  al. 


GABA  and  Glutamate  Receptors  in  Basal  Ganglia 


41 


currents  mediated  by  glutamate  in  the  rat  SNr  in  vitro  (Shen  and  Johnson,  1997).  The  current  use 
of  GABA-B  agonists  in  therapeutics  is  mostly  restricted  to  baclofen  in  the  treatment  of  spasticity 
(Porter,  1997).  In  fact,  the  beneficial  antispastic  effect  of  baclofen  is  believed  to  derive  from  the 
suppression  of  excitatory  neurotransmitter  release  to  motoneurons  in  the  spinal  cord  (Fox  et  al., 
1978;  Davies,  1981;  Bonnano  et  al.,  1998).  Future  behavioural  studies  of  baclofen  in  animal 
models  should  help  ascertain  the  potential  therapeutic  efficacy  of  this  drug  for  Parkinson’s 
disease  and  understand  better  the  functions  of  GABA-B  in  modulating  glutamatergic 
neurotransmission  in  the  basal  ganglia  circuitry.  Interestingly,  baclofen  was  found  to  reduce 
haloperidol-induced  dyskinesias  without  causing  gross  motor  depression  in  squirrel  monkeys 
(Neale  et  al.,  1984). 

CONCLUDING  REMARKS 

The  data  reviewed  in  this  paper  highlight  the  complexity  of  GABAergic  and  glutamatergic 
synaptic  transmission  in  the  primate  basal  ganglia.  The  rather  unusual  pattern  of  subsynaptic 
localization  of  mGluRs  and  GABA-B  receptors  in  various  basal  ganglia  structures  suggests  that 
activation  of  these  receptors  may  mediate  complex  presynaptic  heteroreceptor  functions  and/or 
induce  postsynaptic  receptor  interactions  with  other  neurotransmitter  receptor  subtypes.  These 
observations  combined  with  recent  evidence  for  the  extrasynaptic  diffusion  of  GABA  and 
glutamate  in  the  CNS  clearly  indicate  that  the  activation  of  metabotropic  receptors  is  likely  to  be 
far  more  complex  than  the  current  concept  of  synaptic  receptor  activation  largely  based  on 
ionotropic  receptor  studies.  A  better  understanding  of  GABAergic  and  glutamatergic 
transmission  in  normal  and  pathological  basal  ganglia  functions  surely  relies  upon  further 
analyses  of  the  anatomical  localization,  physiological  effects  and  pharmacological  properties  of 
mGluR  and  GABA-B  receptor  subtypes  in  the  primate  basal  ganglia. 
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FIGURE  LEGEND 

FIG.l:  Connectivity  of  the  Primate  Basal  Ganglia.  Schematic  representation  of  the  main  afferent 
and  efferent  connections  of  basal  ganglia  structures  in  primates.  For  the  sake  of  clarity,  some 
connections  have  been  omitted.  Abbreviations:  CD:  caudate  nucleus;  CM/Pf:>.jCentre 
median/parafascicular  complex;  CTX:  cerebral  cortex;  DR:  dorsal  raphe;  GPe:  globus  pallidus, 
external  segment;  GPi:  globus  pallidus,  internal  segment;  Hb:  habenular  nucleus;  PUT:  putamen; 
RF:  reticular  formation;  Rt:  reticular  nuclesu;  SC:  superior  colliculus;  SNc:  substantia  nigra  pars 
compacta;  SNr:  substantia  nigra  pars  reticulata;  STN:  subthalamic  nucleus;  Th:  thalamus. 

FIG.  2:  Kainate  Receptor  Subunits  in  the  Striatum.  (A)  GluR6/7-immunoreactive  elements  in 
the  monkey  caudate  nucleus.  Immunoreactivity  is  mainly  associated  with  dendrites  (DEN)  and 
axon  terminals  (Te)  forming  asymmetric  synapses  (arrowheads)  whereas  spines  (SP)  are  almost 
completely  devoid  of  labelling.  Non-immunoreactive  terminals  are  indicated  with  asterisks.  (B) 
GluR6/7-immunoreactive  terminal  (Te)  forming  an  asymmetric  axo-spinous  synapse 
(arrowhead).  Asterisks  indicate  non-immunoreactive  terminals.  Note  the  paucity  of  gold  particles 
on  the  plasma  membrane  in  the  labelled  bouton.  (C)  An  anterogradely  labelled  terminal  which 
displays  GluR6/7  immunoreactivity  (Te)  in  the  monkey  putamen  following  BDA  injections  in 
the  primary  motor  cortex.  The  double  labelled  bouton  forms  an  asymmetric  synapse  (arrowhead) 
with  an  unlabelled  dendrite  (DEN).  An  unlabeled  terminal  is  marked  in  the  neuropil  (asterisk). 
(D-E)  Post-embedding  immunogold  localization  of  GluR6/7  immunoreactivity  in  the  monkey 
putamen.  In  immunoreactive  terminals,  gold  particles  are  associated  with  vesicular  membrane 
(double  arrows  in  D)  or  aggregated  in  the  presynaptic  grid  of  asymmetric  synapses  (E).  The 
postsynaptic  immunoreactivity  is  often  associated  with  the  postsynaptic  density  (double  arrows) 
and  plasma  membrane  of  asymmetric  synaptic  junctions  (F).  Scale  bars:  A:  1  /rm;  B:  0.5  pm 
(valid  for  C);  D:  0.3  pm  (valid  for  F);  E:  0.5  pm. 
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FIG.  3:  Group  I  mGluRs  in  the  Monkey  Striatum.  (A)  mGluR5  immunoreactivity  (arrows)  at 
the  edges  of  a  symmetric  axo-dendritic  synapse  established  by  a  TH-positive  terminal  in  the 
putamen.  (B)  mGluRla  immunoreactivity  (arrow)  at  the  edges  of  an  asymmetric  axo-spinous 
synapse  (arrowhead)  in  the  caudate  nucleus.  (C)  Summary  diagram  of  the  subsynaptic 
localization  of  mGluRla  and  mGluR5  immunoreactivities  in  dendrites  and  spines  of  striatal 
projection  neurons  in  monkeys.  (D)  mGluRla  immunoreactivity  (arrows)  in  the  main  body  of  a 
symmetric  axo-dendritic  synapse  in  the  caudate  nucleus.  Abbreviations:  DA:  dopamine;  DEN: 
Dendrite;  Glu:  Glutamate;  SNc:  Substantia  nigra  pars  compacta;  SP:  Spines;  Thai:  Thalamus. 
Scale  bars:  A:  0.25  jam  (valid  for  D);  B:  0.5  pm. 

FIG.  4:  GABA-BR1  Receptor  Immunoreactivity  in  the  Monkey  Striatum.  (A)  GABA-BR1- 
immunoreactive  terminal  forming  an  symmetric  axo-spinous  synapse  (arrowhead)  in  the  monkey 
putamen.  An  immunoreactive  dendrite  (Den)  is  in  the  same  field.  (B)  GABA-BR1  (GBR1) 
immunogold  labeling  (arrows)  in  the  presynaptic  grid  of  a  putative  glutamatergic  terminal 
(asterisk)  forming  an  asymmetric  synapse  (arrowhead)  with  a  spine  (SP)  in  the  putamen.  (C) 
Postsynaptic  GABA-BR1  labelling  (arrows)  at  the  edges  of  an  asymmetric  axo-spinous  synapse 
(arrowhead).  (D)  Postsynaptic  GABA-BR1  labeling  (arrow)  at  a  symmetric  axo-dendritic 
synapse.  (E)  Schematic  diagram  to  summarize  the  subsynaptic  localization  of  GABA-BR1 
immunoreactivity  in  dendrites  and  spines  of  striatal  projection  neurons.  Scale  bars: 

FIG.  5:  Group  I  mGluR  Immunoreactivity  in  the  Monkey  Pallidum.  (A)  MGluRla  immunogold 
labelling  (arrows)  in  the  main  body  of  a  symmetric  axo-dendritic  synapses  established  by 
striatal-like  boutons  (asterisks)  in  GPi.  (B)  Perisynaptic  mGluR5  labelling  (arrows)  at  a  putative 
subthalamopallidal  asymmetric  synapse  (arrowhead).  (C)  Summary  diagram  to  illustrate  the 
subsynaptic  localization  of  group  I  mGluRs  in  the  monkey  pallidum.  Note  that  group  I  mGluRs 
are  expressed  at  both  symmetric  and  asymmetric  synapses.  A  substantial  proportion  of  gold 
labelling  was  also  found  extrasynaptically.  Scale  bars:  A:  0.3  pm;  B:  0.6pm. 
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FIG.  6:  GABA-A  and  GABA-B  Receptors  in  the  Monkey  Pallidum.  (A)  GABA-A  receptor  al 
subunit  immunoreactivity  in  the  main  body  of  a  symmetric  synapse  (small  arrows)  established  by 
a  striatal-like  bouton  (asterisk).  (B)  Postsynaptic  GABA-BR1  immunoreactivity  (small  arrows) 
at  symmetric  synapses  established  by  putative  striatal  boutons  (asterisks).  (C)  Postsynaptic 
labelling  (arrows)  at  the  edges  of  an  asymmetric  synapse  estalished  by  a  STN-like  bouton  in  GPi 
(asterisk).  (D-F)  Presynaptic  immunogold  labelling  of  a  STN-like  bouton  in  GPi.  Note  that  some 
gold  particles  are  located  in  the  presynaptic  grid  of  the  asymmetric  synapse  (arrows),  but  the 
majority  of  labelling  is  intracellular.  Scale  bars:  A:  0.3  gm;  B:  0.5  gm  (valid  for  C-F). 

FIG.  7:  Summary  diagram  to  illustrate  the  subsynaptic  localization  of  GABA-A  and  GABA- 
BR1  immunoreactivity  in  the  monkey  pallidum. 

FIG.  8:  Group  I  mGluRs  and  GABA-B  Receptor  Immunoreactivity  in  the  STN.  (A)  mGluRla 
labelling  (small  arrows)  at  the  edges  of  a  symmetric  axo-dendritic  synapse  (arrows).  (B) 
mGluRla  immunoreactivity  at  a  “en  passant”  type  symmetric  synapse  established  by  a  vesicle- 
filled  axon-like  process  (AX).  Aggregates  of  gold  particles  are  also  found  at  extrasynaptic  sites 
along  the  labelled  dendrite.  (C-D)  mGluRla  immunoreactivity  at  the  edges  of  an  asymmetric 
postsynaptic  specialization  (C)  or  a  puncta  adherentia  between  a  putative  GABAergic  GPe 
terminal  and  a  dendrite  (D).  (E)  A  GABA-BRl-immunoreactive  terminal  forming  asymmetric 
synapses  (arrowheads)  with  dendrites  (DEN).  Scale  bars:  A:  0.2  gm  (valid  for  B-E). 

FIG.  9:  Group  I  mGluRs  and  GABA-B  Receptors  in  monkey  SNc  and  SNr.  (A)  MGluRla 
immunogold  particles  at  the  edges  of  asymmetric  synapses  on  a  small  spine-like  process.  (B) 
MGluRla  labelling  in  the  main  body  of  a  symmetric  axo-dendritic  synapse.  (C)  A  GABA-BRl- 
immunoreactive  axon  terminal  forming  an  asymmetric  synapse  with  a  labelled  dendrite.  The 
asterisk  indicates  an  unlabeled  bouton  in  contact  with  the  same  dendrite.  (D)  A  GABA-BR1- 
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containing  terminal  in  asymmetric  contact  with  an  immunoreactive  dendrite  in  the  SNr.  The 
asterisk  indicates  a  nonimmunoreactive  terminal  in  contact  with  the  same  dendrite.  Scale  bars: 
A:  0.25  pm  (valid  for  B-C);  D:  0.5  pm. 
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